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Chlorine is used as a conventional disinfectant due to its ease of use, low cost and 
relatively high disinfection capabilities.  However, the discovery of disinfection 
byproducts (DBPs) such as trihalomethanes (THMs) prompted researchers to look for 
alternative disinfectants.  Chloramine, a weaker disinfectant, is mostly used as a 
secondary disinfectant to maintain a disinfectant residue, as it is more stable.  Although 
chloramines produce lesser THMs, the discovery of the highly toxic N-
Nitrosodimethylamine (NDMA) in chloramine-treated water is undesirable.  Ultraviolet 
(UV) irradiation is a promising and alternative disinfection technology to chlorine and 
chloramine.  It is highly effective against a wide range of microorganisms and its 
disinfection efficiency is unaffected by pH and temperature, unlike chlorine.  It also does 
not produce any DBPs, thus safeguarding consumers against these potential carcinogens.  
However, UV irradiation lacks a disinfectant residue.  Studies show that UV-inactivated 
microorganisms such as E.coli can repair itself in the presence of visible light 
(photoreactivation), severely impairing its treatment efficiency.  Hence, a disinfectant 
residue such as chlorine or chloramine is required after UV to prevent photoreactivation.  
Although hydrogen peroxide (H2O2) is a very weak disinfectant, under UV photolysis, it 
can yield highly oxidizing hydroxyl radicals which may improve disinfection efficiency.  
The combination of UV with a secondary disinfectant such as chlorine or chloramine can 
potentially result in enhanced disinfection, the prevention of photoreactivation and 
minimising DBPs formation.   Addition of H2O2 for synergistic disinfection may further 
reduce dependency on secondary disinfectants for additional inactivation, thus lowering 
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dosages, contact time and as a result, DBPs formation.  This study aims to determine the 
optimised combinations of integrated UV systems that balance between effective 
disinfection and minimizing DBPs formation. 
 
When 3.0 mg/L of H2O2 was combined with UV (4 and 7 mJ/cm
2
), synergy was present.  
When H2O2 and UV dosages were increased, antagonistic results were observed.  With 
UV/chlor(am)ine, high dosages (2.0 mg/L) of chlor(am)ine resulted in the overall log 
reduction exceeding targeted log reduction by at least 1 log, due to the high synergy 
levels.  UV/ chlor(am)ine (1.0 mg/L) also resulted in synergistic effects and was 
sufficient to meet targeted log inactivation requirements.  Synergy levels of 
UV/chlor(am)ine exceeded those of H2O2/UV, except at 1.0 mg/L Cl2 and 13 mins 
contact time with UV (4 mJ/cm
2
).  Addition of H2O2 prior to UV/Cl2 also suggested a 
positive effect on subsequent chlorination efficiency, although this was not observed with 
H2O2/UV/NH2Cl processes.   Addition of a secondary disinfectant (Cl2 or NH2Cl) 
suppressed photoreactivation up to 4 hours of the study, with NH2Cl providing a more 
stable disinfectant residue.   UV/Cl2 produced 30 to 42% lesser THMs and 45 to 57% 
lesser 5HAAs, compared to a chlorination process that achieved similar E.coli log 
reduction.  H2O2/UV/NH2Cl was determined to be the most ideal integrated UV 
integrated system as it met the targeted 1 to 2 log inactivation with a synergy of 0.54 to 
0.58 log while preventing photoreactivation by maintaining a stable disinfectant residue.  
It also formed the least DBPs (3 times lesser THMs and almost 50% lesser 5HAAs) 
compared to the H2O2/UV/Cl2. 
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Ultraviolet (UV) irradiation is an emerging technology that is being used for disinfection, 
in place of conventional chemical disinfectants such as chlorine.  Unlike chlorine, UV 
irradiation is a physical process which does not form any disinfection byproducts (DBPs), 
which are formed when chlorine reacts with natural organic matter (NOM) found in the 
water.   UV is also found to be very effective in the inactivation of a wide range of 
pathogenic microorganisms, including E. coli, Bacillus subtilis, Salmonella typhomuirum 
and Legionella pneumophila.  Despite these benefits, UV technology has its drawbacks in 
that it lacks a disinfectant residue.  Repair and regrowth of inactivated microorganisms in 
treated water leaving the treatment system may occur if conditions are favourable, 
severely lowering the disinfection efficacy of the treatment system.  As such, a secondary 
disinfectant such as chlorine or chloramine is still required.  Addition of a secondary 
disinfectant provides additional disinfection and also ensures a disinfectant residue is 
present.  This, however, leads to the problem of DBPs formation whenever such chlorine-
based disinfectants are added into water.  Hence, it is important to achieve a balance 
between effective disinfection in drinking water treatment and protecting consumers from 
the potential health risks association with DBPs. 
 
In 2004, the World Health Organisation (WHO) published a manual (Water Treatment 
and Pathogen Control: Process Efficiency in Achieving Safe Drinking Water) stating that 
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the combination of disinfectants require further investigation whereby it may in future 
provide insights into inactivation mechanisms and disinfection theory (WHO, 2004).   
WHO also recognized that the use of mixtures of oxidants for microbial inactivation has 
gained attention as a way to maximize the efficiency of current disinfectants (WHO, 
2004).  Studies have shown that, for the inactivation of microorganisms, the combination 
of two or more disinfectants can produce synergistic effects, leading to an improved 
overall inactivation.  In addition, with UV as the primary disinfectant, lesser amounts of 
secondary disinfectants are required, possibly reducing the amount of DBPs formed.   
 
1.2 Research motivation 
 
Relatively few studies have been done on the impact of UV on the biostability in the 
water distribution system (Dykstra et al., 2007).  Because UV disinfection alone cannot 
be relied upon to control suspended or biofilm bacteria (Rand et al., 2007), biologically 
stable water – in which it does not promote the growth of microorganisms – can be 
achieved through the addition of a secondary disinfectant which can provide a stable 
residual disinfectant in the distribution system (Trussell, 1999).  Murphy et al. (2008) 
have suggested sequential UV chlor(am)ine disinfection as a potential way to address 
regrowth concerns.  
 
In systems adopting H2O2/UV for microbial inactivation, there are very few reports 
available on the inactivation of microorganisms via OH radical oxidation (Mamane et al., 
2007).  Besides using chlorine as a secondary disinfectant, the application of NH2Cl after 
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UV is also employed to further enhance UV disinfection efficiency as well as 
maintaining a disinfectant residue.  Limited studies have been done on the synergistic 
effects of UV/NH2Cl.  Since NH2Cl is a weaker oxidant compared to Cl2, significantly 
less DBPs will be formed.  As such, research into UV/NH2Cl as a possible disinfection 
solution will provide more insight to whether it is a better alternative to conventional 
methods of disinfection. 
 
Most lab-scale chlorination studies have only focused on residual Cl2 and THMs 
formation and very few have investigated the formations of THMs and HAAs 
simultaneously (Rodrguez & Sérodes, 2005). Very little information is also available of 
the formation of HAAs during chloramination (Qi et al., 2004).  Where two or more 
processes are combined, there are very few studies investigating DBPs formation of 
sequential disinfection (Rand et al., 2007). Although there have been studies 
investigating THMs and HAAs formation for UV/Cl2 (Liu et al., 2006; Rand et al., 
2007), no such literature could be found for UV/NH2Cl.  Also, no prior studies have been 
done on the DBPs formation of the sequential disinfection involving H2O2/UV/Cl2 (or 
NH2Cl) and whether the combination of H2O2/UV has any impact on DBPs formation.  
The lack of such studies might be due to the numerous studies done on comparison of 
DBPs formation between chlorination and chloramination.   Studies investigating THMs 
and HAAs formation following UV/NH2Cl disinfection will potentially show that NH2Cl 
produces significantly less DBPs compared to that of Cl2, with and without prior UV 
treatment.  This would lend further credit to NH2Cl as a more ideal disinfectant than Cl2.    
 
 4 
1.3 Objective and scope of work 
 
The first objective of this research was to determine the operating conditions at which the 
integrated UV system can achieve between 1 to 2 log inactivation of E.coli.  Possible 
synergistic effects arising from the combination of two or more disinfectants were also 
investigated.  DBPs levels were compared between the integrated UV systems using 
chlorine or chloramine as a secondary disinfectant.  The ability of secondary disinfectants 
to provide additional down-stream inactivation of E.coli and suppress photoreactivation 
was also studied.   
 
1.4 Thesis Organisation  
 
Chapter 2 gives a comprehensive literature review of the current disinfection 
technologies and their drawbacks, as well as various integrated UV systems that have 
been studied.  Chapter 3 describes the methods and materials being used in this research.  
Chapter 4 discusses the results of this experiment.  Finally, conclusions derived from the 
results are presented in Chapter 5, along with some recommendations.   
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CHAPTER 2  LITERATURE REVIEW 
 
2.1 The need for disinfection 
 
Water-borne diseases are caused by drinking water sources contaminated by urine and 
faeces of infected animal or people. These occurrences are more common where the 
community derives its water sources from surface water such as wells, creeks, lakes and 
rivers.  The wastes contain pathogenic microorganisms, which, ingested can cause water-, 
sanitation- and hygiene-related diseases (which include salmonellosis, cholera, 
shigellosis).  There has been increased interest in the role of E.coli as a cause of 
diarrhoeal disease due to the emergence of E.coli O157:H7 and other enterohaemorrhaigc 
E.coli (EHEC), as a result of the severity of the disease they caused (Hunter, 2003). In a 
case of outbreak in 1993 in Milwaukee, Wisconsin, a reported 400,000 people were sick 
when the city’s drinking water plant was contaminated with Cryptosporidium, making it 
the largest waterborne disease outbreak in the history of the United States.  In 1999, it 
was estimated that 73,000 people got sick as a result of Escherichia coli O157:H7 
infection each year in the United States alone, of which 60 died (Centers for Disease 
Control and Prevention).  In the year 2000, 2,300 people fell ill in Walkerton, Canada, 
because of Escherichia coli O157:H7 contamination.  In general, the elderly, children and 
those with compromised immune systems are most susceptible to such outbreaks 
(Murphy et al., 2008). 
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Disinfection is a primary method for microbiological population control.  Even when 
proper water treatment is applied, outbreaks of waterborne diseases can still pose a 
serious threat to the community. Water that is used for drinking purposes can be prepared 
from surface water, groundwater or recycled water, which can be contaminated by 
pathogenic microorganisms at its source or somewhere along the water distribution 
system. Besides adequate disinfection, a residual disinfectant is required at all times in 
the water distribution system. 
 
Maintenance of a disinfectant residual has been an important aspect in sanitation 
engineering in the last century (LeChevallier, 1999).  To maintain biological stability in 
the distribution system, U.S. drinking water regulations (Total Coliform Rule) require a 
detectable disinfectant residual at all points of consumption (often taken as 0.2 mg/L of 
free chlorine) (USEPA, 1999).  Residual disinfectant can control the population of E.coli 
that remains after primary disinfection. Some regrowth is a theoretical possibility because 
of the presence of nutrients in the water, where cases of coliform regrowth have been 
documented for at least 30 years (Haas, 1999).  Thus, residual disinfectant acts as a 
prevention or limitation of regrowth of microorganisms in drinking water.  The presence 
of residual disinfectant is also thought to help inactivate pathogens that might enter into a 
water distribution system through contamination, as well as prevent microbial 





2.2 Water disinfection 
 
The treatment of water by disinfection has proven highly effective in destroying or 
inactivating pathogenic microorganisms, making water safe for consumption. Some of 
these disinfectants are also capable of providing a residual bactericidal effect in the water 
distribution systems, preventing regrowth of certain pathogens, or at least ensuring that 
the pathogen population is suppressed to a safe level. To meet these disinfection 
requirements, USEPA published a “Long Term 1 Enhanced Surface Water Treatment 
Rule” (LT1ESWTR) in 2002, followed shortly by The Long Term 2 Enhanced Surface 
Water Treatment Rule (LT2ESWTR) in 2006.  Together with the Stage 2 Disinfectants 
and Disinfection Byproducts Rule (Stage 2 DBP Rule), they aim to reduce illness linked 
with Cryptosporidium and other pathogenic organisms in drinking water while addressing 
concerns about the risk tradeoffs between pathogens and DBPs.   
 
Several disinfectants are used in water treatment plants all over the world, with the most 
common ones being chlorine (in the form of chlorine gas and to a lesser extent, 
hypochlorite), chloramines in the form of monochloramine (NH2Cl) and ultraviolet (UV) 
radiation.  Chlorine and UV are classified as primary disinfectants, defined by United 
States Environmental Protection Agency (USEPA) as “the first disinfectant used in a 
treatment system, with the primary objective of the disinfectant being to achieve the 
necessary microbial inactivation (USEPA, 1999).” Although USEPA does not 
recommend NH2Cl as a primary disinfectant, it states that there are some water treatment 
systems in the US which use chloramine as a secondary disinfectant to maintain a 
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persistent disinfectant residue in the drinking water system (USEPA).  Wolfe et al. 
(1984) also stated that several plants have found that the use of NH2Cl as the only 
disinfectant is sufficient to meet their disinfection requirements.   Due to the need to dose 
NH3 to form NH2Cl, operation cost for a 10mgd plant using NH2Cl as disinfectant would 
cost 1.8 times more than a plant using free chlorine; using NH2Cl would still cost 1.7 
times more with a larger 100mgd plant.  The higher cost was also due to the need to dose 
higher concentrations of NH2Cl compared to free chlorine (1.5 times more).  In the 
review, the authors found numerous studies where NH2Cl was used in treatment plants 
and showed to be an effective bactericide, and that it was in fact more effective to use 
NH2Cl than chlorine in the inactivation of certain zooplankton crustaceans.  Furthermore, 
all of the studies showed that NH2Cl consistently produced lesser THMs than free 
chlorine, at all stages of the treatment.   
 
2.3 Chemical disinfectants 
 
Chlorine is the most widely used disinfectant worldwide because of its rapid bactericidal 
action and its ability to inactivate a wide range of pathogens.  In the more active form, 
chlorine, existing as HOCl, rapidly penetrates cell membranes and interfere with cellular 
activity.  This rapid action is possible because lipid structures accept non-polar materials. 
The passage of OCl
-
 is much slower, however, and this mitigates its killing.  The OCl
-
 ion 
is able to disrupt cell walls and diffuse into a cell, interfering with cellular respiration and 
cytoplasmic transport. It is also able to destroy nucleic acids, thus inactivating any 
viruses present in the water supply. The disinfection process is not specific and can be 
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used to control pathogenic bacteria, viruses, slime moulds, algae, and fungi that would 
otherwise clog water distribution systems. 
 
The pH of the treated water determines which of the species is dominant in the water.  At 
pH below 7, the more active species, HOCl, is the predominant form. When the pH 
increases to 7.5 the ratio between HOCl and OCl
-
 is 50:50.  Beyond that, OCl
-
 species 
dominate and disinfection becomes less effective.  The relative amounts of HOCl and 
OCl
-




Fig. 2.1: Relative HOCl and OCl
-
 amounts as a function of pH 
 
For 99% inactivation of E.coli by chlorine, an increase of pH from 7 to 8.5 required an 
increase in C.t value from 0.08 to 3.3 (WHO, 2004).  Ward et al. (1984) also reported 
that when pH was increased from 6 to 8, there was a need to increase chlorination contact 
time from 0.05 mins to 0.16 mins when 1.6 mg/L of Cl2 was applied to E.coli K-12 at 
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22°C for a 2 log inactivation.  Faust (1983) reported a similar three-fold increase in 
contact time (from <60s to 180s) when pH was increased from 7 to 8.5.   An even larger 
increase in C.t value (from 0.04 to 0.92) was needed when pH was raised from 6 to 10 
was reported by Doull (1980), cited by Henricks (2006).  
 
Contact time and disinfectant concentration has a mathematical relationship known as the 
C.t value, where C is the residual disinfectant concentration in mg/L and t is the contact 
time in minutes.  The C.t value is one of the important factors for deciding on or 
predicting the disinfection efficiency of any given disinfectant. C.t values give an 
indication of the strength of the disinfectant and how effective it is in inactivating a 
certain microorganism as compared to another disinfectant.  From another perspective, 
for the same disinfectant, a C.t value provides a measure of resistance of different 
microorganisms to that disinfectant.  Zhao et al. (2001) did extensive work on E.coli 
inactivation, and reported that an increase in chlorination contact time and/or Cl2 
concentration resulted in higher log inactivation of E.coli O157:H7 at 23°C.  For 
example, at Cl2 concentration of 0.25 mg/L, when contact time was increased from 30s to 
120s, the log inactivation increased significantly from 3.3 to 5.8 log; when the contact 
time was kept constant at 30s, increasing Cl2 concentration from 0.25 mg/L to 2.0 mg/L 
increased log inactivation from 3.3 to 4.6 log (Zhao et al., 2001).  Longer contact time 
(from 30s to 120s) of chlorination (1.1 mg/L) of E.coli O157:H7 improved log 
inactivation dramatically as well, from 3.21 to 4.95 log (EPA, 1999). 
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In general, disinfection is aided by the increase in temperature through an increase in the 
reaction rate of chlorine, such as increased diffusion of chlorine through the cell walls or 
the increased reaction rate between chlorine and key enzymes of the pathogens 
(Montgomery, 1985).  Butterfield et al. (1943) observed a five-fold increase during the 
inactivation of E.coli with chlorine when comparing the disinfection efficiency at 
temperatures between 2°C to 5°C and 20°C to 25°C.  At pH 8.5, similar log inactivation 
of E.coli at 4°C required a 300s chlorination contact time, compared to 180s at 25°C 
(Faust, 1983). Table 2.1 summarises the chlorination studies of E.coli under various 
operating conditions. 
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C.t (mg/L.min) or dose & 
contact time required 
Reference 
5°C, pH 6 
5°C, pH 10 
 
25°C, pH 7 
25°C, pH 8.5 
4°C, pH 7 
4°C, pH 8.5 
 
22°C, pH 6 
22°C, pH 7 
22°C, pH 7.5 
22°C, pH 8 
 
5°C, pH 6 
20°C, pH 7 
 
5°C, pH 6 – 7 
 
30°C, pH 8.4 
 
5°C, pH 7  







15°C, pH 7 
 
1 – 2°C, pH 7 





















































3.21 – 4.95 log 
3.11 – 4.74 log 
 
3.3 – 4.8 log 
3.8 - > 5.8 log 
4.1 - > 5.8 log 









0.08 – 0.12 mg/L, < 60s 
0.08 – 0.14 mg/L, 180s 
0.08 – 0.10 mg/L, < 60s 








0.4 – 0.8 
 




1.1 mg/L, 30 – 120s 
1.1 mg/L, 30 – 120s 
 
0.25 mg/L, 30 – 120s 
0.5 mg/L, 30 – 120s 
1.0 mg/L, 30 – 120s 






































Monochloramine (NH2Cl) is produced by the reaction of chlorine (Cl2) and ammonia 
(NH3).  Typically, Cl2 and NH3 are mixed in an optimum weight ratio between 3:1 to 5:1 
at a pH between 7 and 9.  At such weight ratios, NH2Cl is formed within seconds of 
mixing, due to the rapid substitution reaction between free Cl2 and NH3 (Jafvert and 
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Valentine, 1992).  The simplified stoichiometry of chlorine-ammonia reactions are as 
follows: 
 
NH3 + HOCl  NH2Cl (monochloramine) + H2O (2.1) 
NH2Cl + HOCl  NHCl2 (dichloramine) + H2O (2.2) 
NHCl2 + HOCl  NCl3 (nitrogen trichloride) + H2O (2.3) 
 
These competing reactions are controlled largely by the Cl2:NH3 ratio and are primarily 
pH dependent.  Figure 2.2 shows the different chloramines species that are formed at 
various Cl2 dosages. Monochloramine (NH2Cl) is the dominant species when the applied 
Cl2:NH3 weight ratio is 5:1 or less.  As more Cl2 is added and the ratio increases from 5:1 
to 7.6:1, breakpoint chlorination occurs, resulting in the formation of dichloramine 
(NHCl2).  However, if there is a high ratio of NH3 to Cl2, the formation of dichloramine 
and nitrogen trichloride will be minimized due to the excess ammonium ions present 
(Weil and Morris, 1949). As the Cl2:NH3 weight ratio exceeds 7.6:1, free chlorine and 
nitrogen trichloride (NCl3) are present.  Chloramine species formation is also dependent 
on pH, with dichloramines and nitrogen trichlorides forming at lower pH.  Figure 2.3 









Fig. 2.3: Relationship between chloramine species and pH 
 
Generally, there are three ways in which such a reaction can be achieved, according to 
the sequence of chemical additions (Shang et al., 2005): 
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 Preformed chloramine: Free Cl2 is added to a NH3 solution and then added to the 
target water 
 Preammoniation: Free Cl2 is dosed into the target water containing ammonia 
nitrogen  
 Concurrent addition: Free Cl2 and ammonia nitrogen are concurrently added into 
the target water 
 
As with chlorine, pH has a pronounced effect on the disinfection efficiency of NH2Cl.  
Disinfection efficiency decreases with an increase in pH.  At a dose of 0.6 mg/L of 
NH2Cl and a pH of 7.0, a 100% kill would required approximately 40 minutes of contact 
time.  When the pH increases to 8.5, contact time required consequently increases to 120 
minutes, and at pH 9.5, approximately 240 minutes (Shull, 1980).  Ward et al. (1984) 
studied the formation of NH2Cl at various Cl2:N ratios (from 2:1 to 5:1) and a range of 
NH2Cl concentrations (1, 3 and 5 mg/L).  They also reported similar observations during 
chloramination of E.coli 40 at 22°C, where an increase in pH from 6 to 8 resulted in 
approximately five-fold increase in contact time to achieve a similar 2 log reduction.  In 
another study for 100% inactivation of E.coli at temperatures between 20 to 25°C, when 
the contact time was kept constant at 20 mins, an increase of pH from 7 to 8.5 required an 
additional 0.6 mg/L (from 1.2 to 1.8 mg/L) of NH2Cl (Faust, 1983).  At lower 
temperatures of 1 to 2°C, three-fold increase in C.t value was required to accommodate 
an increase in pH from 7 to 8.5 for an effective 2 log reduction of E.coli (WHO, 2004). 
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NH2Cl disinfection activity also decreased with a lowering in temperature.  For a 
reduction in 20°C, a nine times increased in contact time or 2.5 times in NH2Cl dosage is 
required for a 100% kill (Shull, 1980).  At a constant pH 9, for a similar 2 log 
inactivation of E.coli, a decrease in temperature from 25°C to 15°C required an increase 
in C.t value from 40 to 64, and at 5°C, the C.t value further increased to 175 (Henricks, 
2006). 
 
It is widely reported that the disinfection efficiency of NH2Cl is far lesser than that of Cl2 
with respect to the inactivation of viruses and cysts, with the former requiring extremely 
long contact times to ensure inactivation of Simian Rotavirus SA11 (Berman et al., 1984). 
This may not be the case for inactivation of bacteria such as E.coli, where the difference 
in bactericidal activity between NH2Cl and Cl2 is not as pronounced.  At pH 7 and 
temperatures between 20 and 25°C, a 100% inactivation of E.coli required a C.t value of 
as low as 24 to 27 (Butterfield & Wattie, 1948), similar to those values (C.t = 40) 
reported by Doull (1980) (cited by Henricks, 2006) at pH 9 and 25°C. In an experiment 
comparing the response of organic chloramines and preformed chloramines to E.coli, 
Donnermair et al. (2003) found that preformed chloramines rapidly inactivated E.coli. 
For a dosage of 2.0 mg/L (as Cl2), the limit of detection of E.coli was reached at an 
exposure time of ≥ 7 minutes.  Baker et al. (2002) concluded that NH2Cl appears to be 
better able to penetrate and kill biofilm bacteria than free chlorine.  Discrepancies in the 
inactivation efficiency of NH2Cl can be attributed to contradictory results from field 
studies and laboratory tests.  Difference in resistance between commercially purchased, 
laboratory-cultured and naturally occurring indicator organisms is one of the reasons for 
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these discrepancies.  Another important observation is the differences in NH2Cl 
application techniques (Shang et al., 2005). Table 2.2 summarises the chloramination of 
E.coli under various operating conditions. 
 







C.t (mg/L.min) or dose & 
contact time required 
Reference 
20 – 25°C, pH 7 
 
 
3.3 – 18.9°C,  
pH 8.3 – 8.7 
 
20 – 25°C, pH 7 
20 – 25°C, pH 8.5 
20 – 25°C, pH 9.5 
 
22°C, pH 6 
 
22°C, pH 7 
22°C, pH 7.5 
22°C, pH 8 
 
 
5°C, pH 8 – 9  
 
5°C, pH 7 
 
15°C, pH 7 
 
1 – 2°C, pH 7 
1 – 2°C, pH 8.5 
 
5°C, pH 9 
15°C, pH 9 

























































0.3 mg/L, 90 mins 
1.2 mg/L, 20 mins 
 
1.5 – 1.8 mg/L, 10 mins 
 
 
1.2 mg/L, 20 mins 
1.8 mg/L, 20 mins 
1.8 mg/L, 20 mins 
 




38 - 40 
44.8 
 































Berman et al., 
1991 
 







There is a lack of studies on the use of hydrogen peroxide (H2O2) in drinking water 
disinfection and no literature has reported the use of H2O2 for full-scale wastewater 
disinfection as well (Wagner et al., 2002).  The only instances of H2O2 use at reasonable 
doses in wastewater treatment have been for the control of bulking in activated sludge 
treatment process (Sezgin et al., 1978, Jenkins et al, 1986).  Where cases of H2O2 have 
been used as a disinfectant, extremely high H2O2 doses (5,500 mg/L) were applied for a 
contact time of 2 hours to achieve adequate disinfection of municipal wastewater (Poffé 
et al., 1978).  Yoshpe-Purer and Eylan (1968) reported that although H2O2 displayed 





They worked with various concentrations of E.coli, Salmonella and Staphylococcus 
aureus and studied the effect of H2O2 concentrations (from 30 to 60 mg/L) at a contact 
time between 10 to 420 minutes.  They concluded that bactericidal action of H2O2 was 
relatively slow, and compared to the other two microorganisms, E.coli was more resistant 
to H2O2.  At H2O2 concentrations of 60 mg/L and contact time of 300 minutes, 
inactivation of E.coli was less than 90%.  More recently, exposure of E.coli (E.coli-B 
(SR-9) and E.coli K12) to 30 mg/L of H2O2 for one hour yielded only a 0.65 log 
reduction (Pedahzur et al., 1995).  Alasri et al. (1992) also reported that high doses (more 
than 700 mg/L) of H2O2 at contact times of 2 hours were required to achieve 5 log 
reduction of E.coli.  Such high doses and long contact times clearly make H2O2 
application as a disinfectant infeasible and uneconomical (Wagner et al., 2002).  
 
Moreover, H2O2 is unstable when exposed to contaminants in water such as organic 
matters, dirts and metals (Crandall, 1986).  
 19 
2.4 Disinfection kinetics 
 




















= initial concentration of organisms, organism/vol 
= concentration of organisms after disinfection, organism/vol 
= inactivation rate constant, time
-1 
= disinfection coefficient of dilution, unitless 
= concentration of disinfectant, weight/vol 
= time required to achieve a constant percentage of inactivation, time 
 
In a literature review by Haas and Karra (1984), they used data sets to study the 
disinfection kinetics of chlorine and combined chlorine on various microorganisms 
(including E.coli) under chlorine demand-free conditions.  After comparing with Hom’s 
equation and the Monod model, they concluded that the Chick-Watson equation is 
sufficient to describe the inactivation kinetics of both chlorine and combined chlorine, as 
neither the Hom equation or the Monod model could consistently produce a statistically 
improvement in the correlation coefficient (Haas and Karra, 1984a).  The disinfection 
kinetics of laboratory UV investigations on E.coli have also shown to agree with the 
Chick-Watson equation (Chang et al., 1985; Hassen et al, 2000).  A mathematical 
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expression (Equation 2.5) used to describe batch-scale inactivation of bacteria was 
developed by Luckiesh et al. in 1944 (White et al., 1986). 
 







= initial concentration of organisms, organism/vol 
= concentration of organisms after irradiation, organism/vol 
= inactivation rate constant, time
-1 
= intensity of UV irradiation, mW/cm
2
 
= time of exposure, seconds 
 
There are limitations to Chick-Watson model, however.   It is pointed out that the Chick-
Watson model is unable to describe deviations from first-order inactivation kinetics 
(Gyürék et al., 1998).  These deviations are: shoulder with exponential kill (B), shoulder 




Figure 2.4: Deviations from Chick-Watson’s model (Gyürék et al., 1998) 
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These limitations arise in practical operations because in general, the rate of disinfection 
does not remain constant; it increases or decreases with time depending on such factors as 
species of the target organisms, the changing concentration of the disinfectant, the 
stability and type of disinfectant used and a whole range of operating conditions 
(Montgomery, 1985).   Hom (1972) observed that curvilinear, rather than linear 
relationships account for disinfection kinetics.  Making an empirical generalization of 
Chick-Watson’s model, he developed the Hom’s equation (Haas et al., 1984) which was 
also refined by Hass (Haas et al., 1994).  The integrated form (Equation 2.6) is 















Where m = empirical constant 
 
Where m < 1, the inactivation curve is concaves upwards (tailing); where m > 1, the 
inactivation curve concaves downwards (shoulder); where m = 1, equation (2.6) reduces 
to equation (2.4) (Haas et al., 1984).  The Hom-Haas model has been used to analyse 
bench-top disinfection data of different organisms and is able to describe curves B, C and 
D shown in Figure 2.4 (Gyürék et al., 1998).  When m < 1 (curve D), tailing occurs due 
to rapid inactivation at the initial stage followed by a decrease in inactivation rate.  When 
m > 1 (curves B &C), there is a lag in inactivation due to inadequate mixing or delays in 
diffusion of the disinfectant.   After the initial lag, curve B shows an exponential kill 
thereafter while curve C shows a tailing-off (i.e. decrease in inactivation rate).  When m = 
1 (curve A), an exponential kill following the Chick-Watson model is observed. 
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DBPs formation is a result of a complex reaction between the DBPs precursors (such as 
natural organic matter (NOM)) that are present in the water with a disinfectant such as 
chlorine. The mechanism of DBPs formation is unclear, since the knowledge of it is 
limited (Xie, 2004). In general, the formation can be described by a simple reaction 
equation: 
 
NOM + chlorine + bromide  DBPs  (2.7) 
 
As the formation of DBPs is a result of a complex chemical reaction (Xie, 2004), many 
factors contribute to the formation of DBPs, including temperature, pH, strength and 
concentration of oxidant, contact time as well as the chemistry makeup (TOC, NOM, 
bromide) of the disinfected water (Singer 1994; Pourmoghaddas and Stevens 1995; 
Nikolaou, 1999; Upton et al., 1999).   
 
2.5.1.1 THMs and HAAs 
 
Following the first reports by Rook and Bellar et al. in 1974, initial concerns focused on 
the health effects and levels of trihalomethanes (THMs) in drinking water. More recent 
surveys have also included haloacetic acids (HAAs) and other disinfection by-products 
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(DBPs).  THMs and HAAs have also been considered as major categories of chlorination 
by-products by many authors (Pourmoghaddas and Stevens, 1995; Giller et al, 1997; 
Nikolaou et al, 2004b) 
 
Oliver (1980) studied the effect of temperature on chloroform production at pH levels 7 
and 11.  It was evident that as the temperature was increased from 2°C to 30°C, the 
chloroform concentration rose rapidly at both pH levels.  At pH 7, chloroform production 
increased by at least eight-fold when temperature increased from 2°C to 30°C; at pH 11, 
the increased was at least three-fold.   In another study, Krasner et al., (1996) compared 
HAAs formation at 10°C and 25°C and reported higher levels of trichloroacetic acid 
(TCAA), dichloroacetic acid (DCAA) and bromochloroacetic acid (BCAA) at 25°C.  
Increased THMs, di-haloacetic acids (DHAA) and tri-haloacetic acids (THAA) formation 
from chlorination of raw water was also related to elevated temperatures (from 5°C to 
30°C); THMs had the highest increase, from 150 µg/L to 300 µg/L; while DHAAs and 
THAAs increased 50 to 75 µg/L and 110 to 130 µg/L, respectively (Hua and Reckhow, 
2008). 
 
In general, a higher pH has been found to increase THMs concentrations whilst lowering 
HAAs concentrations, because at high pH values, hydrolysis of many halogenated DBPs 
occurs (Xie, 2004).  Hence, increasing pH (above pH 8; Singer, 1994) increases these 
hydrolysis reactions, leading to higher levels of THMs, which are common hydrolysis 
products (Xie, 2004).  Nikolaou et al (2004b) noted two- to five-fold increase in THMs 
species when pH was increased from 4 to 9, although there was a sharp decrease in all 
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THMs species beyond pH 9.  In another study, THMs formation increased from 100 to 
300 µg/L when pH was raised from 5 to 7 after 10 hours of contact time (Hua and 
Reckhow, 2008). This also helps to explain why HAAs levels decreases with increasing 
pH.  On the other hand, Pourmoghaddas and Stevens (1995) found that HAAs 
concentrations increased significantly at lower pH and at pH 5, THAAs concentration 
was higher than TTHMs concentration.  Hua and Reckhow (2008) also reported 
significant drop in THAAs levels, especially when pH was increased from 5 to 10, 
although the effect was not as remarkable with DHAAs. 
 
Chlorine is one of two major reactants in DBPs formation, the other being natural organic 
matter (NOM).  In general, increasing the chlorine dose and residual concentration leads 
to an increase in the formation of DBPs in treated water, and is true for both THMs and 
HAAs (Xie, 2004).  Nikolaou et al. (2004b) observed increases in formation of 
chloroform, dibromochloromethane and bromoform at increased chlorine dosages.  This 
was also supported by studies conducted by Hua and Reckhow (2008), where increase in 
contact times (0.5 to 72 hrs) and Cl2 doses both resulted in increased formation of THMs 
(four-fold), DHAAs (two-fold) and THAAs (two-fold).  THMs levels do not increase 
indefinitely with chlorine dosages, however.  Singer (1994) noted that at higher doses, 
HAAs formation is favoured over THMs formation.      
 
Chlorine, being a stronger oxidant than monochloramine, is known to produce higher 
levels of THMs and HAAs.  Shull (1980) noted that studies have shown monochloramine 
to produce far less THMs over 72 hours as compared to free chlorine. Hua and Reckhow 
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(2007) compared the formation of DBPs from chlorine and alternative disinfectants 
(including monochloramine) and concluded that monochloramines produced far less 
THMs and HAAs as compared to free chlorine.  Adams et al. (2005) found similar trend 
when investigating THMs and 5HAAs (MCAA, DCAA, MBAA, TCAA, DBAA) 
formation at a primary drinking water system: free chlorine produced more THMs and 
5HAAs compared to combined chlorine.  This is due to chloramine being a weaker 
oxidant and less reactive than free chlorine and hence do not readily react with NOM in 
water to form DBPs (Fehrman, 2006).   Moreover, chloramine reacts with NOM to form 
DBPs at rates much slower than free chlorine, which also contributes to a significantly 
lower amount of DBPs being formed, with THMs levels 40 to 80 percent lower than 
chlorination (AWWA, 2004).  
 
An increase in contact time of the oxidant in the treated water generally increases the 
formation of THMs and HAAs (Nikolaou, 1999).  THMs and HAAs continue to be 
formed in the water distribution system as long as free chlorine residue is present (Singer, 
1994).  This trend applies to both THMs and HAAs because they are end products rather 
than intermediate products of reactions between chlorine and organic matter (Xie, 2004).  
MacNeil and Reckhow (1996) (cited by Xie, 2004) investigated the effects of 
chlorination time on TTHMs formation over a 100-hour period and found that TTHMs 
consistently increased over time for all three chlorine dosages of 2.5, 5.0 and 10 mg/l.  
Krasner et al. (1996) reported elevated levels of TCAA, DCAA and BCAA over a 48 
hour contact time. 
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Natural organic matter (NOM) is the main precursor for DBPs formation in treated water 
and its concentration significantly affects the formation of DBPs.  NOM levels are 
usually measured in terms of total organic carbon (TOC) or dissolved organic carbon 
(DOC).  DBPs formation is directly proportional to NOM levels in the water (Singer, 
1994).  Krasner et al. (1994) increased TOC levels by four-fold and observed TTHMs 
levels increased by approximately three-fold. In another study, Krasner et al. (1996) 
reported approximately four-fold increases in dichloroacetic acid (DCAA) and 
trichloroacetic acid (TCAA) formations when DOC concentration was increased from 






While NH2Cl have been shown to produce lesser THMs and HAAs than free chlorine 
(Shull, 1980; AWWA, 2004; Qi et al, 2004; Adams et al., 2005, Hua and Reckhow, 
2007), they produce a different class of DBPs known as N-nitrosodimethylamine 
(NDMA), a yellow, volatile and oily liquid that is highly soluble in water (Andrzejewski 
et al., 2005).  Elevated levels of NDMA were first discovered in treated drinking water in 
Ohsweken, Ontario in 1989 (Mitch et al., 2003b).  NDMA is a member of a family of 
extremely potent carcinogens, the N-nitrosamines (U.S. EPA, 2002), having much higher 
cancer potencies than that of THMs (Mitch et al., 2003b).  Risk assessments from the 
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U.S. EPA identified a 10
-6
 lifetime risk level of cancer from NDMA exposure as 0.7 ng/L 
(U.S. EPA, 1997).   
 
In 2002, NDMA was detected in drinking water from sources that were not impacted by 
wastewater effluent or industrial sources, especially when NH2Cl was used to maintain a 
chlorine residue.  This led researchers to suspect that NH2Cl plays an important role in 
NDMA formation.  NH2Cl and organic compounds containing nitrogen such as 
dimethylamine (DMA) or tertiary amines containing dimethyl groups are the compounds 
that take part in the formation of NDMA, with DMA as a significant precursor of NDMA 
formation (Andrzejewski et al., 2005).  Choi and Valentine (2002) proposed the 
following mechanism for the formation of NDMA: 
 
i) the formation of 1-1dimethylhydrazine (UDMH) intermediate from the 
reaction of DMA with monochloramine, followed by, 
ii) the oxidation of UDMH by monochloramine to NDMA, and 
iii) the reversible chlorine transfer reaction between monochloramine and DMA 
which is parallel to (i)  
 
Andrzejewski et al. (2005) highlighted some of the factors that affect NDMA formation: 
NDMA formation increased with the concentration of NH2Cl and that the maximum 
concentration of NDMA was formed between pH 7 and 8.  The presence of bromide was 
observed to have a catalytic effect on NDMA formation (Choi and Valentine, 2002).  
Although NDMA formation is not limited to the presence of NH2Cl, Mitch et al. (2003b) 
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reported that the rate of NDMA formation with NH2Cl were reported to be approximately 
an order of magnitude higher than that of free chlorine.  Furthermore, because NDMA 
formation is slow, the use of NH2Cl to maintain a chlorine residue can result in increasing 
concentrations of NDMA within the distribution system (Mitch et al., 2003b), which 
points to contact time being another factor in NDMA formation.  Moderate increase in 
NDMA formation was observed with decreases in temperature (Mitch et al., 2003a). 
 
2.6 Alternative disinfection – Ultraviolet irradiation 
 
Ultraviolet (UV) light is an established and increasingly popular disinfection alternative 
to ozone and conventional chemical disinfectants such as chlorine.  It provides effective 
disinfection because of its ability to kill pathogens by penetrating their outer membrane 
and impairing proper DNA function.  One of the advantages of UV disinfection is the 
lack of the formation of disinfection by-products.  It also eliminates the use storage, 
handling and transportation hazards associated with chemical disinfectants.  The UV 
spectrum is divided into four regions, according to the wavelength they possessed – 
vacuum UV (100 – 200 nm), UVC (200 – 280 nm), UVB (280 – 315 nm) and UVA (315 
– 400 nm) (Meulemans, 1986). Practical application of UV disinfection relies on the 
germicidal ability of UVC and UVB.  
 
Microorganisms are inactivated by UV light as a result of photochemical damage to their 
nucleic acids.  UV radiation is absorbed by the nucleotides between wavelengths of 200 
to 260 nm.  This absorption promotes the formation of bonds between adjacent 
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nucleotides, creating dimmers.  Dimerization of adjacent pyrimidine molecules, 
particularly thymine, is the most common photochemical damage. Formation of a 
sufficient number of dimmers within a microbe prevents it from replicating its DNA and 
RNA, thereby preventing replication and results in cell death.  Figure 2.5 illustrates the 
dimer formation as a result of UV irradiation on the DNA of a microorganism. 
 
 
Fig. 2.5: Formation of dimer after UV irradiation 
(Source: International Water-Guard Industries Inc.)  
 
The germicidal effectiveness of low pressure lamps (emitting a wavelength of 253.7 nm) 
correlates with the absorption spectrum for nucleic acid, at 260 nm.  Figure 2.6 compares 
the action spectrum for the inactivation of E.coli to the absorption spectrum of nucleic 
acids. The amount of cell damage is dependent on the dose of UV energy absorbed by the 
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Fig. 2.6: Comparison of action spectrum for inactivation of E.coli to the absorption 
spectrum of nucleic acids (Harm, 1980) 
 
Monochromatic low pressure (LP) mercury arc lamps are commonly used in water and 
wastewater disinfection.  A 147cm long standard LP lamp can be expected to produce 
26.7W of UV at 254nm given an electrical input of 75W, translating to approximately 35 
to 40% efficiency (O’Brian et al., 1995).   
 
2.6.1 Factors affecting disinfection efficiency of UV irradiation 
 
While water temperature and pH have little, if any, impact on the rate of microbial 
inactivation by UV irradiation (USEPA, 1996), microbe inactivation rates vary depending 
on the microbial species.  Wright and Cairns summarized the UV inactivation rates 
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observed using low pressure (LP) lamps with bacteria in Table 2.3.  Generally, the dose 
required for the inactivation of pathogenic bacteria is similar to that required for the 
inactivation of fecal indicator groups such as fecal coliforms.   
 
Table 2.3: UV Dose in mJ/cm
2 to Inactivate 1 Log (90%) or 2 Log (99%) of the 
Microbial Population (Source: Wright and Cairns, Trojan Technologies Inc.) 
 
Microorganisms  1 Log 2 Log Microorganisms 1 Log 2 Log 




Bacillus subtilis, spores 12 22 Pseudomonas aeruginosa 5.5 10.5 
Bacillus subtilis 7.1 11 Salmonella enteritidis 4 7.6 
Campylobacter jejuni 1.1 --- Salmonella paratyphi 3.2 --- 
Clostridium tetani 12 22 Salmonella typhi 2.1 --- 
Corynebacterium 
diphtheriae 
3.4 6.5 Salmonella typhimurium 3 --- 
Escherichia coli 3 6.6 Shigella dysenteriae 2.2 4.2 




Legionella pneumophila 0.9 2.8 Shigella sonnei 3 5 
Sarcina lutea 20 26.4    
 
An increase in the UV absorbance of the water will lower the dose delivered by the UV 
reactor.  Increased UV absorbance can be caused by the presence of inorganic 
compounds such as iron, chromium, copper, cobalt and nickel and organic compounds 
such as humic acids, phenolic compounds, lignin sulfonates and tannis in the water 
(Snider et al., 1991).  UV transmittance decreases in the presence of these UV absorbing 
substances and particles that either absorb or scatter UV light, which decreases the 
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amount of UV light reaching the microorganisms (Martin, 2004).  Iron can also cause 
scaling on the surface of the UV sleeve if iron concentration exceeds 0.1 mg/L (DeMers 
and Renner, 1992).   
 
Total suspended solids (TSS) are composed of bacteria laden particles of varying number 
and sizes which reduce the UV dose by absorbing and scattering UV light.  The particles 
create a shielding effect and the microorganisms enclosed within particles are protected 
from UV light (Darby et al., 1993).  This shielding effect is directly related to the 
number, distribution of sizes, bacterial density and chemical composition of the particles.  
Thus, dose delivery to the microbes in the water will vary depending on whether the 
microbes are present as individual cells or are occluded within particulates.   
 
2.6.2 Photoreactivation and dark repair 
 
One of the main disadvantages of UV irradiation is the ability of the microbes to repair 
their damaged DNA.  The repair mechanism most unique to UV irradiation is the 
photoreactivation mechanism.  In photoreactivation, microbes that are inactivated by UV 
have the ability to photoreactivate by utilizing the energy of near-UV light (310 – 480nm) 
and restore much of the damage to their DNA (Harris et al., 1987).  This phenomenon 
was first reported in the 1940s and 1950s by Kelner and Dulbecco (Cleaver, 2003).   
There have been many studies done on the photoreactivation of E.coli (Harris et al., 
1987; Tosa & Hirata, 1999; Oguma et al., 2002; Zimmer et al., 2002; Hu et al., 2005; 
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Sanz et al., 2007), owing to different methodology, the repeated photoreactivation 
efficiency differs from studies to studies (Bohrerova and Linden, 2007).   
 
Much focus is on photoreactivation because this phenomenon occurs a few hours after 
UV irradiation and greatly reduces the efficacy of UV disinfection (Oguma et al., 2002).  
This is a great concern because of the possibility of disinfected water being exposed to a 
receiver system where the inactivated microbes may be exposed to sunlight (Harris et al., 
1987).  Although photoreactivation may not be prominent in drinking water disinfection, 
exposure to light may still be possible when the water reaches the consumer (Bohrerova 
and Linden, 2007).  
 
There is a significant inverse relationship between photoreactivation and UV dose.  As 
UV dose increases, the effect of photoreactivation of total coliforms is minimized 
(Lindenauer and Darby, 1994; Sanz et al., 2007; Antonelli et al., 2008).   
Photoreactivation potential is also dependent on the light intensity of lamps used during 
the study.  In one study, following a UV dose of 8 mJ/cm
2
, lamps with higher light 
intensity resulted in higher photoreactivation compared to lower-intensity lamps 
(Bohrerova and Linden, 2007).  Medium-pressure (MP) lamps, which emit a broad 
spectrum of UV wavelengths, cause damage to DNA as well as enzymes, while low-
pressure (LP) lamps only affect DNA (Sanz et al., 2007).  MP lamp was found to be more 




Nucleotide excision repair (NER), commonly known as dark repair does not require 
visible light and can proceed in darkness. During UV irradiation, an important 
photoproduct called the pyrimidine dimer is formed between adjacent pyramidine 
molecules on the same strand of DNA of the exposed microrganism, resulting in 
inactivation (Sanz et al., 2007).  In dark repair the formation of this dimer – which 
interrupts the transcription and replication of DNA – is reversed (Lindenauer and Darby, 
1994).  Dark repair is less effective and much slower than photoreactivation (Bohrerova 
and Linden, 2007). Chan and Killick (1995) also concluded that the photoreactivation of 
E.coli cells occurred at a much faster rate and reaching a higher level of reactivation than 
those of dark repair and as such, dark repair is less important than photoreactivation 
(Sanz et al., 2007).   
 
2.7 Comparison of disinfectants 
 
Table 2.4 shows the characteristics of disinfectants commonly used, and compares the 
differences in their disinfection capabilities as well as their disadvantages.   
 
Ozone is also effective against Cryptosporidium and Gardia and at the same time 
provides taste and ordour control.  Like UV, it does not maintain a disinfectant residue 
and also produces DBPs such as bromate and aldehydes.  Chlorine dioxide has the ability 
to remove Fe and Mn while inactivating viruses and Cryptosporidium.  Due to the 
formation of chlorite and chlorate, there is a limited allowable dose for chlorine dioxide. 
Chlorine is effective against many microorganisms as well as providing a good 
disinfectant residual in the distribution system.  However it is ineffective against 
 35 
Cryptosporidium and produces potentially carcinogenic DBPs when reacting with natural 
organic matter.  Chloramine maintains a stable disinfectant residue and produces 
significantly lesser DBPs but is a much weaker disinfectant than UV and chlorine and is 
ineffective against viruses and Cryptosporidium.  UV provides effective disinfection 
against Cryptosporidium and produces no DBPs but lacks a disinfectant residue and 













































• Low operating cost 
• Does not react with NOM to 
form TOX 
• Effective against viruses, 
Cryptosporidium & Giardia 
• Provides coincident benefits 
(oxidizes taste & odour 
synthetic organic chemicals, 
colour) 
• Bromate formation 
potential 
• Assimilable organic 
carbon (AOC) 
formation – regrowth 
issues 
• Long contact time for 
Cryptosporidium at 
low temperatures 
• High capital cost 















• Low capital cost 
• Does not react with NOM to 
form TOX 
• Effective against viruses and 
Cryptosporidium 
• Provides coincident benefits 
(Fe & Mn removal) 
• Limited allowable 
dose (chlorite and 
chlorate issues) 
• High chemical & 
operating cost 
• Potential taste & 
odour problem when 
free chlorine used in 
distribution system 
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Good • Low cost 
• No need for onsite 
generation 
• Provides Fe & Mn removal 
and organism control 
• Reacts with NOM to 
form TOX 
• Ineffective against 
Cryptosporidium  
• Safety concerns about 














Poor Excellent  • Low cost 
• Sustainable disinfectant 
residue  
• Positive role in sequential 
Cryptosporidium disinfection 
when preceded by stronger 
disinfectants 
• Concerns about 
NDMA, CNCl and 
nonpurgeable TOX 






None None No residual 
possible 
• Produces no regulated DBPs 
• Effective against Giardia 
and Cryptosporidium 
• Relatively low capital & 
operating cost 
• No sustained residual 
• Reactor validation 
issues 
• Marginally effective 
against adenovirus 
 
1: Xie, Y. F. “Disinfection byproducts in drinking water: Formation, analysis and control”, 2004 
2: National Research Council: Drinking Water and Health, Volume 2, 1980 
3: Long et al., 2005 
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2.8 Integrated UV systems 
 
Integrated UV systems are disinfection systems whereby two or more disinfectants are 
added simultaneously or sequentially, with UV being one of the disinfectants.  Sequential 
disinfection is defined by USPEA as a “process where two (or more) disinfectants 
produce a synergistic effect by…sequential application to achieve more effective 
pathogen inactivation” (EPA, 1999).  The disinfectants can be a mixture of chemical 
oxidants or a chemical oxidant(s) with a physical disinfection process such as UV 
irradiation.  The mixture of chemical oxidants may be between two (or more) primary 
disinfectants or between a primary disinfectant and a secondary disinfectant.  Typically, a 
sequential disinfection scheme involves the combination of a more powerful primary 
disinfection followed by a weaker secondary disinfectant (Liu et al., 2006). A primary 
disinfectant refers to a disinfectant with the aim of inactivating microorganism to meet 
regulatory bacteriological requirements.  A secondary disinfectant is limited to a 
disinfectant that is added after the primary disinfectant to achieve further inactivation and 
to provide a stable residual disinfectant in the distribution system.   
 
2.8.1 The need for integrated UV disinfection systems 
 
Integrated UV systems have the potential to achieve more effective disinfection because 
of possible synergistic disinfection.  In the case of H2O2/UV, the use of H2O2 to generate 
highly oxidizing OH• under photolysis by UV shows promising results of synergism. As 
a result, lower doses of disinfectants are required which can translate to lower operating 
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costs in the long run.  Using UV as a primary disinfectant, there is also less reliance on 
Cl2 and NH2Cl to achieve the majority of disinfection, reducing DBPs formation and 
subsequently, mutagenicity.  As a secondary disinfectant, Cl2 and NH2Cl can be added 
post-UV to maintain a disinfectant residue to provide additional inactivation and more 
importantly, prevent photoreactivation of E.coli. 
 
Synergism is defined as the combined effect of disinfectants having a greater inactivation 
level than when each disinfectant is applied separately in a single step (Cho et al., 2006).  
Where synergism occurs, it is beneficial because the disinfectant dose and the reaction 
time for the same level of inactivation can be reduced. Also, it can be applied where 
inactivation of microorganism is resistant to conventional treatments or a particular 
disinfectant (Lotierzo et al., 2003).  In the long run, this saves operating costs and costs 
of chemicals as well as a lowering of DBPs (Cho et al., 2006).  A mathematical 
representation of synergism can be described as follows (Koivunen et al., 2005): 
 
Synergy (log units) =   
log reduction by combined disinfectant A & B 




















Where i = Individual disinfectant 
n = Total number of disinfectants 
x = Concentration of individual disinfectant in the combination 
y =  Concentration of the disinfectants that individually would produce the same 
magnitude of effect as that of the combination 
 
When the sum is less than 1, synergistic interaction occurs; when the sum is greater than 
1, antagonistic interaction occurs; and when the sum is equal to 1, there is zero 
interaction (no synergism or antagonism).   
 
2.8.2 Current integrated UV disinfection systems 
 
As mentioned in Section 2.3, the use of H2O2 alone in treatment of drinking water is 
limited, due to its low efficiency and bactericidal activity.  Thus, H2O2 cannot be 
considered a bactericide in practical disinfection.  In one study comparing the cost 
effectiveness and disinfection efficiency of H2O2 and peracetic acid (PAA), 74.8 mg/L of 
H2O2 with a contact time of 30 minutes could only achieve 1.3 log reduction of E.coli 
(Lubello et al., 2002).  Low bactericidal activity (less than 1 log reduction) was also 
observed with 30 mg/L of H2O2 with an exposure time of 1 to 2 hours against E.coli-B, 
regardless of temperature and pH (Pedahzur, 1995; Liberti et al., 2000).  Relatively slow 
disinfection rates of H2O2 (30 – 60 mg/L, 10 – 420 minutes contact time) were reported 
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 to achieve 
higher rates.   Impractical concentrations of H2O2 (700 to 500 mg/L) and contact time (2 
hours) was required to achieve adequate disinfection with a 5-log reduction (Wagner et 
al., 2002).   
 
H2O2/UV process involves the generation of highly oxidizing OH• through the UV 
photolysis of H2O2.  Photolysis of H2O2 results in a yield of two OH• formed per photon 
absorbed by 254 nm (Baxendale & Willson, 1957; cited by Tuhkanen, 2004). 
 
H2O2 + hv  2 OH•           (2.11) 
 
These radicals are far more effective in their disinfection ability, and are the most 
powerful oxidizing species after fluorine (Legrini et al., 1993).  Studies have shown that 
chloride and bicarbonate ions act as scavengers for OH·, thereby reducing its bactericidal 
effect (Liao et al., 2000).  Chloride is commonly found in natural waters and may exist in 
relatively high concentrations, while bicarbonate species are added into a chemical 
coagulation unit to adjust or stabilize the pH. 
 
There are wide applications for this process, mainly in the removal of organics from 
water and wastewater (Tuhkanen, 2004), although there are several studies done on the 
disinfection efficiency of such a process.  Koivunen and Heinonen-Tanski (2005) 
investigated potential synergistic effects of H2O2/UV (low pressure lamp) on several 
microorganisms, including E.faecalis, E.coli and MS2 coliphage.  Synergy was observed 
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with E.faecalis but not with MS coliphage.  Unfortunately, no data was mentioned for 
E.coli.   Another H2O2/UV study on DNA- and RNA-phages with a higher H2O2 
concentration (320 mg/L) also yielded synergistic disinfection (Rajala-Mustonen and 
Heinonen-Tanski, 1995).  Lubello et al. (2002) studied lower H2O2 concentrations (4.8 – 
37.4 mg/L) and concluded that for synergism to become evident, a concentration of more 
than 20 mg/L was required.  The microorganisms studied were total coliforms and E.coli, 
suggesting that bacteria are more susceptible to H2O2/UV disinfection than phages.  
However, this is in contrast with the work of Alkan et al. (2007) when they concluded 
that a low H2O2 dosage of 3.0 mg/L with low pressure UV on total coliform could result 
in synergy. This difference could be attributed to the different target organisms (indicator 
bacteria in the case of Lubello & Gori, and total coliform bacteria in the case of Alkan et 
al.) as well as the quality of the treated water (secondary sewage effluent in the case of 
Lubello & Gori, and humic surface water in the case of Alkan et al.).  Possible higher 
resistance of indicator bacteria and more turbid secondary sewage effluent may account 
for higher levels of H2O2 dose before synergy would be observed. When a medium 
pressure UV lamp was used with H2O2 (concentration up to 25 mg/L), a slight synergism 
was observed with E.coli inactivation (Mamane et al., 2007).  Significant synergism was 
observed with much higher H2O2 doses (2,500 – 10,000 mg/L) when E.coli was subjected 
to H2O2/UV in a thin film contactor, where the author claimed that OH· would be 
generated uniformly throughout the film (Shama, 1992). 
 
In the sequential disinfection using UV/Cl2, UV is employed as the primary disinfectant 
and chlorine is added post-UV as a secondary disinfectant for further inactivation as well 
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as maintaining a disinfectant residue.  Loiterzo et al. (2003) investigated the possible 
synergism between UV and chlorine on the inactivation of E.coli.  At a UV dose of 7 
mJ/cm
2
 followed by a chlorine C.t value of 0.1 mg/L.min, a synergy of 0.675 was 
observed.  Synergistic interaction was also observed with UV (medium pressure, 45 
mJ/cm
2
) as a primary disinfectant followed by a low concentration (1.0 mg/L and 2.0 
mg/L) of chlorine and monohcloramine respectively, although the synergism was not 
observed at higher concentrations for both chlorine and monochloramine (Dykstra et al., 
2007).  UV (90 – 100 mJ/cm
2
) combined with chlorine also produced synergistic effects 
on suspended heterotrophic bacteria (HPC), although the effect was more pronounced 
when chlorine dioxide was used (Rand et al., 2007). In a study involving B. subtilis 
spores, no synergism was observed when UV was adopted as the primary disinfectant and 
chlorine as the secondary disinfectant.  They reasoned that the differences in inactivation 
mechanism of UV and chlorine led to the absence of synergistic effects (Cho et al., 
2006).   
 
Application of NH2Cl after UV is also employed to further enhance UV disinfection 
efficiency as well as maintaining a disinfectant residue.  Very few reports are available 
on the synergistic effects of UV/NH2Cl (a search of literature only yielded two).  
Synergism was observed when biofilm (but not suspended) heterotrophic bacteria was 
subject to medium pressure UV and subsequent low NH2Cl concentration of 1.0 mg/L 
(Dykstra  et al., 2007).  Clear synergism (approximately 2 log) was found when 
adenovirus serotype 2 was subjected to sequential UV irradiation (low pressure, 40 
mJ/cm
2
) and NH2Cl (C.t = 27.2 mg/L.min) (Ballester and Malley Jr., 2004).  More study 
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should be done on the potential synergistic contribution of NH2Cl after UV treatment.  
From the literature reviewed above, there are many studies done on several 
microorganisms and at a wide range of operating conditions, leading to inconclusive 
results of the effectiveness of integrated UV systems. A more comprehensive study 
would lead to a better understanding of these integrated UV systems for the treatment of 
drinking water. Table 2.5 summarises the literature review of the current integrated UV 
systems that have been studied. 
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E.coli K12 in PBS 
1.0 % H2O2; LP UV = 780 mJ/cm
2
  
H2O2/UV 30 times better than UV alone 
 
Indicator bacteria in secondary sewage effluent 
H2O2 = 4.8 – 37.4 mg/L; LP UV = 120 mJ/cm
2
 
0.1 log synergy at low dose (4.8 mg/L) to 0.8 log synergy at high dose 
(37.4 mg/L) 
 
E. faecalis & MS2 in synthetic wastewater 
Antagonistic effect (-0.11 to – 0.37) with E. faecalis at H2O2 (3.0, 30, 
150 mg/L) with LP UV (8, 10 mJ/cm
2
) 
Mainly synergistic (-0.04 to 0.31) effect with MS2 at H2O2 (3.0, 30, 




E.Coli in phosphate buffer solution (PBS) 
Filtered MP UV (λ > 295 nm) 
H2O2 = 10 mg/L; UV = 702 mJ/cm
2
 
Synergy of ~0.6 log 
 
Total coliform bacteria in humic  surface water 
H2O2 = 0.125, 3.0 mg/L; LP UV = 68 – 681 mJ/cm
2
 
UV/H2O2 (3.0 mg/L) was 1 – 3 log higher compared to 0.125 mg/L, 
especially with higher levels of fulvic acid 




















Alkan et al., 2007 
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Fecal coliform in secondary effluent 
UV =  5 – 16 mJ/cm
2
; Cl2 = 0.1 – 1.2 mg/L, t = 30 mins 
 
E.coli in PBS 
LP UV =  7 mJ/cm
2
; Cl2 C.t = 0.1 mg/L.min 
Synergy = 0.675 log  
 
Laboratory-grade and raw water seeded with AD serotype 2 
LP UV = 40 mJ/cm
2
; Cl2 = 3.32 mg/L, t = 5 – 30 mins 
Synergy = 4.7 – 5.3 log  
 
Bacillus subtilus spores in PBS 
LP UV = 24 mJ/cm
2
; Cl2 = 3.0 mg/L, t = 0 – 133 mins  
No synergy with UV/Cl2 & Cl2/UV 
 
Suspended HPC in reservoir water 
LP UV = 90 – 100 mJ/cm
2
; Cl2 = 0.2 mg/L 
Synergy with Cl2 = 0.2 mg/L 
 
MS2 in PBS 
LP UV = 17 & 51 mJ/cm
2
; Cl2 = 1.0 – 1.5 mg/L 
Enhanced inactivation rate (2.7×) at 51 mJ/cm2 but not 17 mJ/cm2 
 
Suspended HPC in feed containing biodegradable organic material 
MP UV = 45 mJ/cm
2
; Cl2 = 0.5, 1.0 mg/L 
Synergy at 0.5 mg/L only 
Cardenas & Scheible, 
1999 
 




















Dykstra et al., 2007 
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Laboratory-grade and raw water seeded with AD serotype 2 
LP UV = 40 mJ/cm
2
; Sequential chloramines = 2.87 mg/L, t = 5 – 30 
mins 
Synergy = 2.4 – 4.2 log 
 
Suspended HPC in feed containing biodegradable organic material 
MP UV = 45 mJ/cm
2
; [NH2Cl] = 1.0, 2.0 mg/L 
 
MS2 in PBS 
LP UV = 17 & 51 mJ/cm
2
; NH2Cl = 7.0 mg/L 









Dykstra et al., 2007 
 
 
Shang et al., 2007 
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2.8.3 Disinfection byproducts 
 
Sequential disinfection reduces the dependence on the dosage and contact time of 
chemical oxidants.  Since DBPs formation is directly proportional to the dosage and 
contact time of the chemical oxidant, a reduction (of the chemical oxidant) would lead to 
lesser DBPs formation, while still achieving the required inactivation level that meets 
disinfection requirements.  Choice of the oxidant – between chlorine and 
monochloramine – can also determine the DBPs levels, since monochloramine is known 
to be a weaker disinfectant and hence produces lesser THMs and HAAs (Liu et al., 
2006).  Although there have been limited studies investigating THMs and HAAs 
formation for sequential UV/Cl2 disinfection (Liu et al., 2006; Rand et al., 2007), no such 
literature could be found for UV/NH2Cl.  Table 2.6 lists the few studies done on DBPs 
formation from UV/Cl2 studies.  Also, no prior studies have been done on the DBPs 
formation of the sequential disinfection involving H2O2/UV/Cl2 (or NH2Cl).  Comparison 
of DBPs levels between sequential disinfection processes and chlor(am)ine alone 
(seeking to achieve inactivation levels of sequential disinfection process) would provide a 
useful insight into whether sequential disinfection systems can be a practical 







Table 2.6: DBPs from UV/Cl2 systems 
 
Operating conditions Remarks References 
 
UV = 40 & 140 mJ/cm
2
 
Cl2 = 2.0 mg/L 
 
 
LP UV – 60 mJ/cm
2
 
Cl2 & NH2Cl = 7.0 mg/L 
 
 
LP UV = 90 – 100 mJ/cm
2
 
Cl2 = 0.2 mg/L 
 
UV (LP and MP) did not 
increase TTHMs & HAA9 
levels when Cl2 added 
 
DBPs levels of UV/Cl2 & 
Cl2/UV similar, but greater 
than Cl2 and NH2Cl alone 
 
UV/Cl2 produced more 
TTHMs than Cl2 alone 
UV/Cl2 produced less 
HAAs than Cl2 alone 
 













2.8.4 Photoreactivation suppression  
 
Mofidi et al. (2002) demonstrated that 2.5 mg/L of NH2Cl was able to prevent regrowth 
of heterotrophic bacteria following UV disinfection.  In addition, Quek et al. (2006) 
investigated the effects of chloramine on photoreactivation of E.coli following MP UV 
irradiation.  They concluded that a 0.5 mg/L of NH2Cl could only suppress 
photoreactivation for one hour, while a 1.0 mg/L addition was found to prevent 
photoreactivation for the entire period of the experiment (up to 6 hours).  No other 
literature could be found reporting the effects of a disinfectant residue – chlorine or 
chloramine – on the suppression of photoreactivation following UV (LP or MP) 
irradiation.  While a disinfectant residue is required in water distribution systems, the 
effects such a disinfectant residue have on inactivated microorganisms have yet been 
thoroughly studied.  
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CHAPTER 3  MATERIALS AND METHODS 
 
3.1 Feed water characteristics  
 
Synthetic water was used throughout the study.  The synthetic water simulated that of 
filtered reservoir water collected from a local waterworks.  The parameters simulated 
were pH, turbidity and total organic carbon (TOC).  All experiments were carried out at 
room temperature of approximately 28°C. 
 
pH have been shown to affect the chlorination procedure as well as the formation 
potential of both THMs and HAAs (Oliver et al., 1979; Amy et al., 1984).  Phosphate 
buffer was used to maintain the pH at 7.0. 1.0 mL of phosphate buffer was added for 
every 50mL of sample.  Preparation method for phosphate buffer was carried out in 
accordance with Standard Method 5710B (20
th
 edition).  pH was measured using a pH 
meter (Horiba F-54-BW, Expotech, USA). 
 
Formazin is an aqueous suspension of an insoluble polymer formed by the condensation 
reaction between hydrazine sulfate and hexamethylenetetramine.  A 4000 NTU 
suspension was prepared by combining equal volumes of a 1.000 g/100 mL solution of 
hydrazine sulfate and a 10.0 g/100mL solution of hexamethylenetetramine (Hach, Co, 
USA). After standing at 25 ± 1 °C for 24 hours, the solution developed a white particulate 
suspension.  Stored at room temperature and away from light, a 4000 NTU suspension 
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was stable up to a year.  Turbidity was measured using the turbidimeter (2100N, Hach, 
USA). 
 
Addition of humic acid is commonly used to simulate total organic carbon 
(Pourmoghaddas and Stevens, 1995).  Approximately 2.0 g/L humic acid stock solution 
was prepared by dissolving powdered humic acid in MilliQ water and mixed thoroughly.  
It was then further diluted by 10 times.  Various volumes of 200 mg/L of humic acid was 
added to a 150 mL of MilliQ water.  The TOC was measured with a TOC analyser (TOC-
V CSH, Shimadzu, Japan).  The measured TOC concentration was plotted against the 
volume of humic acid added to obtain a calibration curve as shown in Figure 3.1: 
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Figure 3.1: Calibration curve of humic acid 
 
Filtered reservoir water was collected, stored in an ice box during transportation and 
tested for E.coli levels on the day of collection. Different amounts of water (100, 500, 
1000 mL) were membrane-filtered through a 0.45 µm filter paper in accordance with 
Standard Methods (1998).  The filter paper was placed in a sterile petri dish with an 
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absorbent pad suspended in m-Coli Blue (Hach, Loveland, CO, USA) broth. The 
sensitivity of this method was 1 CFU/100 mL and allowed for the detection of at least 
95% of E.coli.  After incubation at 37°C for 24 hours, the blue colonies were counted and 
taken to be E.coli colonies.  The results from the 3 volumes of water were calculated and 
the average was taken.     
 
3.2 Disinfection experiments 
 
The disinfectants used in this study for the inactivation of E.coli were chlorine, 
monochloramine, hydrogen peroxide (H2O2) and ultraviolet (UV) irradiation.  The log 
inactivation of E.coli was calculated based on the following expression: 
 
E.coli log inactivation = N’(0) – N(0)          (3.1) 
 
where  N’(0) = Log of initial bacteria concentration before disinfection  
N(0) = Log of bacteria concentration immediately after disinfection 
 
All experiments were repeated at least 3 times to ensure consistency of results.  Standard 








Sodium hypochlorite, NaOCl, was obtained from Comak Laboratory (Singapore).  The 
minimum available chlorine was 10%, or 100.0 g/L.  All glassware and water used were 
prepared in accordance with Standard Methods (1998).  500 mg/L NaOCl was prepared 
by diluting appropriate amounts of the stock solution into chlorine demand-free water.  
The bottle was wrapped in aluminum foil to block out light, which would otherwise 
accelerate the decomposition rate of chlorine.  It was stored and refrigerated at 4°C when 
not in use.   
 
Total chlorine consists of free chlorine and combined chlorine.  Total chlorine and free 
chlorine were measured using a colorimeter (Hach DR/890, USA) and DPD powder 
pillow.  Free chlorine concentration of the stock solution was measured before the start of 
each experiment to ensure accuracy.  After the addition of the DPD power pillow to a 10 
mL sample, the contents were thoroughly mixed and measured with the colorimeter 
immediately.  For total chlorine, a reaction time of 2 minutes was allowed before 
measuring the total chlorine concentration.  Samples collected after each experiment were 
also measured for residual free chlorine concentration.  Total chlorine was measured 
during the preparation of monohcloramine as part of determining the percentage of 
monochloramine to total chlorine.  Details are described in the Section 3.2.2. 
 
Free chlorine concentration from the stock solution was measured prior to each 
experiment to ensure accuracy.  Chlorination involved adding the required volume into 
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the sample directly from the prepared stock solution (500 mg/L).  To establish the dose 
response of E.coli to Cl2 in distilled water, 0.5, 1.0, 1.5 and 2.0 mg/L of Cl2 was added to 
a 150 mL of sterile distilled water with an E.coli concentration of approximately 1.0  × 
10
7
 CFU/mL.  The chlorine contact times were determined such that all four doses would 
achieve similar C.t values: 6, 12, 16 and 24 mins for the chlorine doses 0.5, 1.0, 1.5 and 
2.0 mg/L, respectively.  In feed water, the chlorination dose was increased to 1.0, 2.0, 
3.0, 4.0 and 5.0 mg/L due to the expected chlorine demand exerted by the water matrix.  
The contact times used were 26, 13, 9, 7, 5 mins for the chlorine doses 1.0, 2.0, 3.0, 4.0 
and 5.0, respectively.  At the stipulated contact time, 100 µL of 10% Na2SO3 was added 
to halt chlorination and remove all traces of chlorine.   
 
3.2.2 Chloramination  
 
Monochloramine (NH2Cl) was prepared freshly before each experiment.  Approximately 
3:1 weight ratio of Cl2 to NH3 was added to chlorine demand-free water and allowed to 
mix completely for 30 minutes (Berman et al., 1991; Liu et al., 2006). After the 30 
minute reaction time, NH2Cl was diluted to appropriate amounts and the total chlorine 
measured as described in Section 3.2.1.  Monochlor F reagent pillow was added to a 10 
mL sample in the sample cell.  After a reaction time of 5 minutes, NH2Cl was measured 
using a spectrophotometer (Hach DR/4000, USA).   NH2Cl was measured to ensure that 
95% of total Cl2 consisted of NH2Cl before the prepared NH2Cl was used in the 
experiments.  The dose response of E.coli to NH2Cl in distilled water was determined by 
adding various concentrations of NH2Cl (0.5, 1.0, 1.5 and 2.0 mg/L) to a 150 mL of 
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sterile distilled water with an E.coli concentration of approximately 1.0  × 107 CFU/mL.  
The chloramination contact times were determined such that all four doses would achieve 
similar C.t values: 160, 80, 53, 40 mins for the chlorine doses 0.5, 1.0, 1.5 and 2.0 mg/L, 
respectively.  In feed water, the chloramination dose was increased to 1.0, 2.0, 3.0, 4.0 
and 5.0 mg/L due to some form of chloramine demand exerted by the water matrix.  The 
contact times used were 60, 30, 20, 15, 12 mins for the chlorine doses 1.0, 2.0, 3.0, 4.0 
and 5.0 mg/L, respectively.  100 µL of 0.1N Na2S2O3 was added to remove all traces of 
NH2Cl after the contact time was reached.  
 
3.2.3 Hydrogen peroxide disinfection  
 
3,000 mg/L of H2O2 was prepared by diluting a 30% H2O2 stock solution (VWR, France) 
into MilliQ water.  The bottle was wrapped in aluminum foil to prevent 
photodegradation.  Unused H2O2 was stored in a refrigerator at 4°C.  The concentration 
of the H2O2 stock solution was measured before the start of each experiment to ensure 
that accurate amounts of H2O2 were used.  H2O2 stock solution was diluted into 100 mL 
of DI water.  An excess of H2SO4 was added and the mixture was titrated with a known 
concentration of KMnO4.  The end-point was reached when the solution turned from 
















        (3.2) 
 
 56 
The number of moles of H2O2 and KMnO4 was determined from the stoichiometric 
coefficients from the reaction between H2O2 and KMnO4: 
 
2KMnO4 + 5H2O2 + 3H2SO4  2MnSO4+ K2SO4 + 5O2 + 8H2O       (3.3) 
 
3.2.4 Ultraviolet irradiation 
 
To ensure an accurate application of UV dose to the bacteria samples, calculations using 
Microsoft Excel® spreadsheets provided by Bolton Photosciences Inc. (USA) were 
performed using the absorption coefficient in the water factor to calculate the required 
UV exposure duration.  The irradiance at the centre of the sample surface was multiplied 
by 4 factors; they are the petri factor, the water factor, the sensor factor and the reflection 
factor.  The UV irradiation intensity decreases radially outwards from the centre of the 
sample where it is the highest.  The petri factor was used to quantify this variation of UV 
irradiance across the surface of the target sample. To account for this variation, the petri 
factor was incorporated into the calculations for average irradiance.  A radiometer 
(International Light Model IL1400A equipped with SED240 UV sensor, Newburyport, 
MA, USA) was used to measure the UV intensity from the system at every 0.5 cm 
interval in the ±x and ±y directions.  The recorded intensities were entered into the 
Microsoft Excel ® spreadsheet. 
 
The water factor was used to correct the variations of UV irradiance within the target 
sample because of the UV light reaching varying depths of the Petri-dish. With this 
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correction, the average irradiance within the water sample was less than that incident on 
the water surface. To account for this discrepancy, the water factor was incorporated into 
the calculation for the average irradiance. 
 
The sensor factor was used to correct the fact that the UV lamp did not emit equally at 
each wavelength. Thus, the meter reading would not give an accurate irradiance reading 
because it is calibrated at 254nm.  To account for this discrepancy, a sensor factor is 
incorporated into the calculations of the average irradiance.  The sensor factor provided 
by the manufacturer was 1.206, based on the known spectral output of the lamp. 
 
The reflection factor was applied to compensate the reflection of UV light off the water 
surface, as this would reduce the actual irradiance incident on the water sample.  A 
reflection factor of 0.975 was applied to the calculation of the average irradiance. 
  
To determine the contact time for the experiment, the following calculations were 
performed in the spreadsheet by applying the 4 factors: 
 
True incident surface irradiance =  Measured centre irradiance  
     × Petri factor 
     × Sensor factor        (3.4) 
 
Average irradiance =  True incident surface irradiance 
   × Reflection factor 
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   × Water factor           (3.5) 
 






=         (3.6) 
 
Batch studies of UV irradiation on 10 mL of E.coli (concentration approximately 1.0 × 
10
7
 CFU/mL) suspended in synthetic feed water were performed using a Rayox bench-
scale collimated beam unit (Calgon Carbon Corporation, USA; low pressure, 10W). The 
UV system (Figure 3.2) consists of two interchangeable mercury UV lamps (low- and 




Figure 3.2: UV collimated beam apparatus 
 
Absorbance of the diluted log-phase solution was measured using a UV 
spectrophotometer (Hach DR/4000U Spectrophotometer, Co., USA) and a quartz cuvette 
with a 1-cm pathlength for UV dose calculations.  For LP UV irradiation experiments, 
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only the absorbance value at 254 nm UV is required.  For measurements to be considered 
accurate, absorbance values were less than 1.5; any samples with absorbance 
measurements greater than 1.5 were diluted and measured again. 
 
3.2.4.1 UV inactivation 
 
UV irradiation was done with minimal light intervention to prevent inaccuracy of light 
intensity on the samples. A 10 mL E.coli sample was transferred to a 60 mm diameter 
Petri-dish with pre-sterilised (70% ethanol) magnetic stirrer bar.  The sample was 
adequately mixed with a magnetic stirrer (150 rpm).   The lid of the Petri-dish was 
removed to prevent absorption of UV light. 0.5 mL of sample was collected prior to and 
after UV irradiation and plated to determine the effective log reduction at UV dosages of 
4, 7, 10 and 12 mJ/cm
2
.   
 
3.2.4.2 Photoreactivation study 
 
Following UV irradiation, the samples were placed under a 20 W fluorescent lamp 
(National, Matsushita Electrical Industrial Co. Ltd, Japan) at a light intensity of 11.5 
kLux for photoreactivation. Samples were retrieved hourly, up to 4 hours, since the time 
required to complete photoreactivation was reported to be between 1 to 3 hours (Oguma 
et al., 2002).  Owning to lack of sample volume, residual concentrations of Cl2 and 
NH2Cl were only determined after 4 hours of photoreactivation.  The percentage 
photoreactivation of E.coli was calculated as follows (Lindenauer & Darby, 1994): 
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% photoreactivation at time (t) = 
N(0)-(0)N'
N(0)-N(t)
 x 100%    (3.7)   
Where t = time after UV irradiation 
N’(0) = Initial bacteria concentration before UV irradiation, CFU/mL  
N(0) = Bacteria concentration immediately after UV irradiation, CFU/mL 
N(t) = Bacteria concentration at time, t, after UV irradiation, CFU/mL  
 
3.2.5 Disinfection kinetics 
 
Disinfection kinetics of the individual disinfectants Cl2, NH2Cl and UV in distilled and 
synthetic feed water were also investigated based on the Chick-Watson model (Section 



















= initial concentration of organisms, organism/vol 
= concentration of organisms after disinfection, organism/vol 
= inactivation rate constant, time
-1 
= disinfection coefficient of dilution, unitless 
= concentration of disinfectant, weight/vol 









While H2O2 was not used as a sole disinfectant, it was still necessary to determine the log 
reduction of H2O2 alone. Together with log reductions from UV irradiation alone, it will 
be used to determine if the H2O2/UV process results in synergy. The E.coli was mixed 
with 3.0 mg/L H2O2 to simulate contact times of UV irradiation of various doses.  During 
the H2O2/UV processes, a range of H2O2 concentrations (1.0, 3.0, 7.0, 10.0 mg/L) was 
added to 10 mL of E.coli (1.0 × 10
7
 CFU/mL) sample prior to UV irradiation.  The 
mixture was shaken for 30s before the start of UV irradiation (Koivunen & Heinonen-
Tanski, 2005; Alkan et al., 2007).  Catalase was used as the quenching agent for H2O2 
(Wagner et al., 2002; Koivunen & Heinonen-Tanski, 2005) and was obtained from Sigma 
Aldrich, St. Louis, MO, USA.  100 µL of catalase was diluted into 10 mL of sterile DI 
water.  100 µL of the diluted catalase was added to remove all traces of H2O2 after 
disinfection. Varying concentrations of H2O2 with UV dosages of 4, 7, 10 and 12 mJ/cm
2
 




Only UV doses of 4 and 7 mJ/cm
2
 were combined with chlor(am)ine, as UV irradiation 
with 10 and 12 mJ/cm
2
 would have exceeded the targeted 1 to 2 log reduction of E.coli.  
The irradiated sample was transferred to a 140 mL of synthetic feed water with similar 
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properties for chlorination.  From the preliminary results of the E.coli dose response 
curves, two chlorine dosages (1.0 and 2.0 mg/L) were selected.  Contact times of 13 and 
26 mins were chosen for 1.0 mg/L Cl2 and 26 mins for 2.0 mg/L Cl2.  When the contact 
time was reached, 100 µL of 10% Na2SO3 was added to halt chlorination and remove all 
traces of residual chlorine.  Based on preliminary data of E.coli dose response to NH2Cl, 
1.0 and 2.0 mg/L of NH2Cl dosages were selected for chloramination after UV 
irradiation.  NH2Cl, being a weaker disinfectant than Cl2, was given a longer contact 
time.  For 1.0 mg/L of NH2Cl, 22 and 44 mins contact times were chosen; for 2.0 mg/L 
NH2Cl, 22 mins was chosen.  At the stipulated contact times, 100 µL of 0.1N Na2S2O3 




H2O2/UV procedure has been previously described (Section 3.2.6.1).  After UV 
irradiation, catalase was added to the sample to remove all traces of H2O2, as H2O2 has 
been found to exert a high chlorine demand and to a lesser extent, monochloramine 
demand as well.  The irradiated sample was transferred to a 140 mL of synthetic water 







3.3 Sample Analysis  
 
3.3.1 Sampling  
 
Sampling bottles were properly washed with NaOCl and MilliQ water after usage, oven 
dried and sterilized in an autoclave at 121°C and 15 psi for 20 mins. Phosphate buffer, 
humic acid and formazin – for the preparation of synthetic feed water – were also 
sterilized in an autoclave. All sample collection and transfer of E.coli was done in a 
aseptic conditions, with the use of disposable sterile pipette and pipette tips.  Disposable 
sterile spreaders were used for spreading 0.1 mL of E.coli on TSB agar plates for the 
inoculation of E.coli samples before and after disinfection in a laminar flow cabinet.  All 
experiments were repeated for a minimum of three times to ensure mean values and 
standard deviations could be calculated and the data properly represented.   Used and 
unwanted samples, pipette and pipette tips were placed in biohazard bags and autoclaved 
at 121°C and 15 psi for 30 mins before disposal. 
 
3.3.2 Bacteria Measurement 
 
Escherichia coli was used in this study because it is the most practical and widely 
applicable measure of faecal contamination for drinking water supplies (Edberg et al., 
2000; Zimmer et al., 2002; Murphy et al, 2008).  This is because in theory, if E.coli is 
present, there is a possibility that other pathogenic enteric bacteria such as Shigella and 
Salmonella could also be present (Hunter, 2003). 
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A frozen stock culture of ATCC 15597 (ATCC, Rockville, MD, USA) was thawed and 
added to a sterilised 30 mL of tryptic soya broth (TSB, Oxoid; 0.9 g/30 mL) mixture and 
placed in an incubator-shaker overnight at 37°C at 100 to 150 rpm.  The overnight culture 
can be stored at 4°C for 7 days.  Serial dilution (106 dilution) of the overnight culture was 
carried out in sterilized 0.9% NaCl to prevent osmotic shock.  The diluted overnight 
culture was spread on a TSB bottom agar (TSB, Oxoid, 30 g/L; Agar No. 3, Oxoid, 15 
g/L) using a sterilized disposable spreader.   After overnight incubation at 37°C, the 
resulting master plate was sealed with parafilm and stored in an inverted position at 4°C 
for future use and stable for up to six months.  Overnight phase culture can also be 
cultivated from the masterplate.  A sterilized disposable loop was used to scrape a healthy 
bacteria colony from the surface of the master plate and added to 30 mL of sterilized TSB 
mixture.  After incubation and shaking at 37°C for 18 to 24 hours, the overnight phase 
bacteria was obtained. 
 
Log phase bacteria was cultivated by adding 1.0 mL of overnight phase bacteria into a 
sterilized 30 mL TSB mixture and incubated at 37°C for 4 hours.   The log phase bacteria 
was transferred to a 50 mL sterilized centrifuge tube and centrifuged at 3000g for 10 
minutes.  The supernatant was discarded and the remaining bacteria pellet in the 
centrifuge tube was resuspended in 9.0 mL of sterile 0.9% NaCl and centrifuged again.  
This process was repeated once more before resuspending the bacteria in 30 mL of sterile 
water.  The resulting bacteria population was approximately 10
8
 CFU/mL. The log phase 
was stored at 4°C and used within 3 days. 
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During each disinfection experiment, a 0.5 mL sample was collected before and after 
disinfection with a micropipette and disposable sterile pipette tips.  The collected sample 
was vortexed to ensure homogenous mixing and diluted into sterile 4.5mL of 0.9% NaCl 
so as to achieve a 10× dilution.  Serial dilutions were carried out to an estimated 
concentration such that the E.coli colonies could be counted on a TSB agar plate after 
incubation (between 30 to 300 colonies).  0.1 mL of diluted sample was transferred and 
spread onto a TSB agar plate with a disposable sterile spreader.  3 different 
concentrations (each 10× dilutions apart) were plated. For every dilution, the samples 
were plated in duplicate to ensure that the results are consistent and the average count 
could be determined. The agar plates were inverted and placed in an incubator at 37°C for 
18 to 24 hours.  The agar plates were placed under a magnifying glass and counted 
manually; agar plates which had lesser than 30 colonies or more than 300 colonies were 
rejected.  After the counts were recorded, the agar plates were discarded into a biohazard 
bag and autoclaved before disposal.  
 
3.3.3  Disinfection byproducts measurement 
 
3.3.3.1  Extraction 
 
During the extraction of THMs and HAAs, several reagents were required.  Anhydrous 
sodium sulphate, Na2SO4, was heated in the furnace for 4 hours at 400°C to remove 
phthalates and other interfering organic substances.  Acidified methanol (10% 
H2SO4/methanol) was required for the methylation and esterification of the extracted 
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HAAs.   Concentrated H2SO4 was added drop-wise to methanol to minimize the 
otherwise violent reaction.  The mixture was left to cool and stored at room temperature. 
10% Na2SO4 was used for neutralization and washing purposes upon the completion of 
methylation.   
 
High purity THMs standards were acquired from Fluka (Germany). The four THMs used 
were: Chloroform (TCM), Bromodichloromethane (BDCM), Dibromochloromethane 
(DBCM) and Bromoform (TBM). The solvent used was methyl-tertiary-butyl-ether 
(MTBE). Various concentrations were prepared for obtaining the calibration curve: 5, 10, 
15, 20 µg/L. The volumetric flasks were wrapped with aluminum foil to block out light, 
which would otherwise accelerate the rate of decomposition of the stock solutions.  Stock 
solutions were stored at -10°C when not in use and stable for up to 6 months (EPA 
551.1).   
 
The five HAAs used were: Monochloroacetic acid (MCAA), Monobromoacetic acid 
(MBAA), Dichloroacetic acid (DCAA), Trichloroacetic acid (TCAA), Dibromoacetic 
acid (DBAA).  MCAA and DCAA standards were acquired from Sigma-Aldrich (USA), 
and MBAA, TCAA, BCAA and DBAA standards from Fulka. 5, 10, 15, 20 µg/L of 
HAAs standards were prepared for obtaining the calibration curve. The volumetric flasks 
were wrapped with aluminum foil to block out light, which would otherwise accelerate 
the rate of decomposition of the stock solutions.  Stock solutions were stored at -10°C 
when not in use and stable for up to 1 month (EPA 552.2). 
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After the stipulated reaction time was reached, all traces of chlorine or chloramine were 
removed by adding 10% Na2SO3 or 0.1 N Na2S2O3, respectively.  This was to ensure that 
no further DBPs will be formed.  50 mL sample was used for DBPs extraction.  Samples 
not immediately extracted were stored in 4°C in the dark for a maximum of two weeks 
(EPA 551.1 and 552.2). 
 
The extraction procedure of THMs and HAAs was carried out in accordance with EPA 
551.1 and EPA 552.2, respectively.  50 mL of chlor(am)inated sample was transferred to 
a 250 mL glass separating funnel. 5.0 mL of the solvent methyl-tertiary-butyl-ether 
(MTBE) was added and THMs were extracted by continuous handshaking for 2 minutes.  
The organic (MTBE) and inorganic layer (water) was allowed to separate for 2 minutes.  
The inorganic layer was transferred into a second separating funnel.  The remaining 
organic layer from the first funnel was used for GC/ECD analysis of THMs.  
 
In the second separating funnel, 2.0 mL of concentrated H2SO4 was added to reduce the 
pH to 2.0, as well as generating heat to facilitate in dissolving the Na2SO4.  20 g of 
Na2SO4 was added to increase the ionic strength of the aqueous phase and further drive 
the HAAs into the organic phase. The mixture was handshaken for 2 minutes. 5.0 mL of 
MTBE was added and handshaken for 2 minutes to extract the HAAs.  Separation of 
water and MTBE layer was achieved after the mixture was left to stand for 2 minutes.  
3.0 mL of MTBE was transferred into a glass tube with Teflon cap. 1.0 mL of acidic 
methanol (10% conc. H2SO4-methanol) was added and mixed thoroughly.  Methylation 
was achieved after immersing the glass tube in a water bath at 60°C for 2 hours.  When 
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the mixture was cooled down, 4.0 mL of 10% Na2SO4 solution was added and the 
organic and inorganic layers were separated by standing.  The flowchart in Figure 3.3 




Figure 3.3: Extraction procedure for THMs and HAAs extraction 
5.0 mL MTBE 
Pipette organic layer 
to glass tube 
Inject 2.0 µL for 
GC-ECD analysis 
2.0 mL conc. H2SO4 
20g Na2SO4 
5.0 mL MTBE 
Extract for 2 minutes 
Extract for 2 minutes 








C, 2 hrs 
4.0 mL 10% Na2SO3 
Pipette organic layer 
to glass tube 
 













THMs and HAAs were analysed using a gas chromatography electron capture detector 
(GC/ECD, Shimadzu GC 17A/ECD detector, Japan).  The ECD is highly sensitive to 
electronegative molecules such as halogenated compounds, and readily detects 
chlorinated pesticides, halogenated solvents and dioxins.  The ECD can detect 
halogenated compounds in the low part per billion (ppb) range, thus proving to be an 
effective means for the detection and analysis of DBPs.  Detection limits of TCM, 
BDCM, DBCM and TBM are 0.055, 0.003, 0.001 and 0.004 µg/L, respectively (EPA 
551.1); detection limits for MCAA, MBAA, MBAA, DCAA, TCAA and DBAA are 
0.273, 0.204, 0.242, 0.079 and 0.066 µg/L, respectively (EPA 552.2). Helium (99.999% 
purity) was used as the carrier gas and nitrogen (99.999% purity) was used as the makeup 
gas. The column used was DB-1 fused silica capillary, of length 30 meters, internal 
diameter 0.25 mm, and 1.0 µm film thickness.  Prior to analysis, a 30 minute lag time 
was allowed for the baseline to stabilise and a pre-run was conducted by injecting 2.0 µL 
of the solvent MTBE to stabilise the GC column and rid it of any residual impurities.   
 
Table 3.1 shows the oven operating conditions for GC/ECD for the analysis of the DBPs, 
adopted from EPA 551.1 and EPA 552.2.  The injection volume was 2.0 µL for both 









Oven ramp Ramp to (°C): Rate (°C/min) Hold (min) 
Initial 35 - 1 
1 100 10 2 
2 150 10 1 
3 250 25 1 
Carrier gas flow: 40 cm/s Injector temp.: 200°C 
THMs 
Column temp.: 35°C Detector temp.: 250°C 
Initial 35 - 10 
1 75 5 15 
2 100 5 5 
3 135 5 0 
Carrier gas flow: 25 cm/s Injector temp.: 200°C 
HAAs 
Column temp.: 35°C Detector temp.: 260°C 
 
 
Individual THMs and HAAs species were extracted and analysed with the GC/ECD to 
detect their respective retention times, which were unique to each species.  The THMs 
and HAAs species were calculated based on their respective calibration curves that were 
established before the start of the experiments.  The peak areas measured by the GC/ECD 
were plotted against known concentrations of standard solutions of THMs and HAAs.  
Extracted samples during the experiments were analysed and the THMs and HAAs 
concentrations were calculated based on the measured peak areas.  TTHMs were 
calculated by summing up the four concentrations of THMs measured, while 5HAAs 
were calculated by summing up the five concentrations of HAAs (MCAA, MBAA, 
DCAA, TCAA, DBAA) measured. The THMs and HAAs calibration curves are 





















































































Figure 3.4: Calibration curves of (a) THMs (b) HAAs 
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CHAPTER 4  RESULTS AND DISCUSSION 
 
4.1 E.coli disinfection kinetics by chemical disinfectants 
4.1.1 Distilled water 
4.1.1.1 Chlorine 
 
To study the disinfection kinetics of chlorine without interference from the water matrix, 
disinfection was carried out in distilled water.  The chlorine doses were 0.5, 1.0, 1.5 and 
2.0 mg/L.  Contact times were determined such that all four doses would achieve similar 























0.5 mg/L 1.0 mg/L
1.5 mg/L 2.0 mg/L
 
 
Figure 4.1: Dose response of E.coli to Cl2 in distilled water  
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From the plot of ln(N/N0) against C.t, it can be seen that there was a linear relationship 
between the log of the survival ratio with C.t, showing that chlorination disinfection 
kinetics of E.coli in distilled water could be adequately described by the Chick-Watson 
model.  Rice et al. (1999) conducted a study on chlorination kinetics on E.coli O157:H7 
and wild-type E.coli in chlorine demand-free buffer (at 5°C and pH 7.0) and also found 
that first order Chick-Watson model could describe the inactivation rate. A plot of data 
obtained from Zhao et al. (2001) also showed that chlorination inactivation on E.coli 
O157:H7 in DI water (23°C) fitted well into the Chick-Watson model (R2 = 0.9966). The 
four distinct lines in Figure 4.1 also showed that chlorination efficacy was more 
dependent on concentrations rather than contact time.  Given the same contact time, a 
higher concentration of Cl2 dose would result in higher E.coli inactivation as compared to 
a lower Cl2 concentration, even if both C.t values are the same.  As such, chlorine 
concentration dose has a more significant effect on chlorine inactivation kinetics than the 
contact time.   Table 4.1 sumarises the chlorine inactivation of E.coli in sterile distilled 
water.  
 
Table 4.1: Chlorine inactivation of E.coli in distilled water 
 
Contact time, min 
Free Cl2, mg/L 
-ln(N/N0) 
1 6 12 18 24 
0.5 
0.947 1.245 1.194 1.466 1.417 
0.5 2 6 10 12 
1.0 
2.967 2.835 3.652 4.365 4.809 
0.5 1 2 6 8 
1.5 
5.054 5.062 5.053 6.222 6.317 
0.5 1 3 4 6 
2.0 





As with chlorination, NH2Cl was added to E.coli in distilled water to investigate the 
disinfection kinetics without interference from the water matrix.  0.5, 1.0, 1.5 and 2.0 





















0.5 mg/L 1.0 mg/L
1.5 mg/L 2.0 mg/L
 
 
Figure 4.2: Dose response of E.coli to NH2Cl in distilled water  
 
All four concentrations achieved good linearity, with R
2
 values of at least 0.903, and as 
with chlorination, inactivation of E.coli with NH2Cl can also be described with the 
Chick-Watson model, as concluded by Haas and Karra (1984). In the case of 
monochloramination in Figure 4.2, there is equal influence from both the concentration 
and the contact time, evident from that all the trendlines are clustered together with no 
significant differences between them.  Haas & Karra (1984) also concluded that free 
chlorine inactivation of microorganisms tends to be more sensitive to concentration than 
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that of combined chlorine.  Table 4.2 sumarises the monochloramine inactivation of 
E.coli in sterile distilled water.  
 
Table 4.2: Monochloramine inactivation of E.coli in distilled water 
 
Contact time, min 
NH2Cl, mg/L 
-ln(N/N0) 
10 40 80 100 160 
0.5 
0.043 4.986 7.587 9.149 11.254 
- 20 40 60 80 
1.0 
- 0.814 5.311 9.977 Error 
12 20 30 40 53 
1.5 
0.803 2.864 2.897 8.799 12.496 
5 10 30 40 - 
2.0 
Error 0.666 7.718 9.859 - 
 
A distinct difference in disinfection behaviour of Cl2 and NH2Cl would be the sensitivity 
of the disinfectant towards its concentration.  A comparison between the disinfection data 
obtained from Table 4.1 and Table 4.2 shows that Cl2 is evidently more sensitive towards 
changes in concentration.  Also, the disinfection efficacy of Cl2 is shown to be much 
higher than that of NH2Cl, requiring less contact time for the same concentration of 
disinfectant.   
 
4.1.2 Feed water 
 
Due to the wide range of medium and operating conditions used in those studies, 
disinfection kinetics of E.coli in this particular feed water have to be established.  
Synthetic water simulating filtered reservoir water from a local waterworks was used 
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throughout this study.  Table 4.3 shows the measured parameters of filtered reservoir 
water. 
Table 4.3: Measured parameters of filtered reservoir water 
 
Parameter Concentration 
Total organic carbon (TOC) 2.0 mg/L 
Turbidity 0.4 NTU 
pH 6.5 – 7.0  




Chlorination disinfection kinetics of E.coli in the feed water was also investigated.  A 
range of chlorine doses were used: 1.0, 2.0, 3.0, 4.0 and 5.0 mg/L.  Higher concentrations 
were used due to the expected chlorine demand exerted by the water matrix which can 
lead to lower residual Cl2 concentrations. Contact times were varied, depending on the 
chlorine concentration such that all four doses would achieve similar C.t values.  Figure 























1.0 mg/L 2.0 mg/L




Figure 4.3:  Dose response of E.coli to Cl2 in feed water    
 
The curves displayed similarities to the dose response curves of E.coli to Cl2 in distilled 
water (Figure 4.1).  Inactivation was more dependent on Cl2 concentrations rather than 
contact time, and at a given C.t value, higher inactivation levels could be expected with a 
higher Cl2 concentration as compared to a lower one. The linearity of the dose response 
curves also showed that the Chick-Watson model was sufficient to describe chlorination 
inactivation kinetics in this particular feed water.  Table 4.4 summarises the chlorine 








Table 4.4: Chlorine inactivation of E.coli in feed water 
 
Contact time, min 
Free Cl2, mg/L 
-ln(N/N0) 
7 13 20 26 
1.0 
0.373 0.736 0.693 1.044 
3 7 10 13 
2.0 
0.924 0.783 1.346 1.747 
3 12 21 27 
3.0 
0.897 0.949 1.240 1.720 
1 3 5 7 
4.0 
1.517 1.256 1.706 2.697 
1 2 4 5 
5.0 
1.420 2.300 2.594 3.813 
 
Compared with Cl2 disinfection efficiency in distilled water (Figure 4.1), chlorine 
inactivation of E.coli in feed water requires a higher C.t value, either with an increase in 
contact time or concentration.  This is expected, since the humic acid present in the feed 
water would increase the chlorine demand by reacting with part of the chlorine.  This 
would more closely reflect actual treatment plant operations, since the complex water 
matrix would have a higher chlorine demand and disinfection dose would have to be 




NH2Cl concentrations added were higher in feed water, where the water matrix would 
exert additional NH2Cl demand.  The doses used were: 1.0, 2.0, 3.0, 4.0 and 5.0 mg/L.  
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Figure 4.4:  Dose response of E.coli to NH2Cl in feed water    
 
The clustering of the dose response curves were similar to that of NH2Cl disinfection in 
distilled water, and as concluded in Section 4.1.2, chloramination disinfection is equally 
dependent on concentration and time (and hence C.t). The effect of concentration also 
tends to be more significant in free chlorine disinfection than combined chlorine 
disinfection (Hass & Karra, 1984).  As such, similar inactivation levels could be 
expected, regardless of NH2Cl concentration, insofar that the C.t values are the same.  








Table 4.5: Monochloramine inactivation of E.coli in feed water 
 
-ln(N/N0) NH2Cl, mg/L 
Contact time, min 
15 30 45 60 
1.0 
0.259 0.693 0.810 1.277 
7 15 22 30 
2.0 
0.128 0.614 1.900 2.383 
5 10 15 20 
3.0 
0.489 0.759 0.853 1.553 
12 28 44 60 
4.0 
0.874 1.346 1.457 1.901 
3 6 9 12 
5.0 
0.306 1.280 1.982 2.346 
 
As with chlorine disinfection, the presence of humic acid in the feed water reduced the 
disinfection efficacy of NH2Cl.  Higher concentrations and/or contact time was thus 
required to increase disinfection efficacy.   
 




UV disinfection kinetics of E.coli suspended in distilled water and feed water were 
investigated.  Bench scale data from laboratory UV inactivation could be fitted into 
Chick-Watson model and from the plot of ln(N/N0) against UV dose, a fairly linear 
relationship can be established (Figure 4.5), agreeing with results reported by Chang et 
al. (1985) and Hassen et al. (2000). 
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y = -1.2764x + 4.831
R2 = 0.9303
 
        (b) 
 
Figure 4.5: E.coli inactivation by UV in (a) distilled water (b) feed water 
 
No appreciable difference could be observed between UV inactivation of E.coli in 
distilled water and feed water (Figure 4.5).  First-order inactivation kinetics were also 
reported by Dietrich et al. (2003), when they conducted a study on UV inactivation of 
coliform bacteria in wastewater effluents at UV doses lesser than 30 mJ/cm
2
.  Although 
the presence of turbidity and humic substances are known to affect UV inactivation 
efficiency (Snider et al., 1991; Darby et al., 1993), the inactivation kinetics (following 
 82 
Chick-Watson model) of E.coli under UV irradiation remains unchanged.  This was 
probably because the turbidity in the feed water (0.4 NTU) used to simulate filtered 
reservoir water was too low to significantly affect UV disinfection efficiency.  At higher 
turbidity levels, it is expected that UV disinfection efficiency would decrease due to the 




Photoreactivation was studied in a four hour period, and a sample was collected every 
hour.  The percentage photoreactivation, calculated from equation 3.7 in section 3.2.4.2, 









































Figure 4.6: Photoreactivation of E.coli following UV inactivation 
 
Following UV inactivation, in just one hour, between 7 to 29% of the inactivated E.coli 
were able to undergo photoreactivation, leveling off at the 3
rd
 hour, similar to reports by 
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Oguma et al. (2002) and Hu et al. (2005).  Maximum photoreactivation was observed at 
the 3
rd
 hour (58 % and 34% for 4 and 7 mJ/cm
2
, respectively). Since the percentage 
photoreactivation were all below 100%, it showed that there was no complete repair of 
E.coli and some irreversible damage occurred in the cells (Hu et al., 2005).  At all four 
hours, the percentage photoreactivation following UV (4 mJ/cm
2
) were higher than that at 
7 mJ/cm
2
, due to the higher levels of damage on E.coli cells at higher UV doses (Zimmer 
et al., 2000). Zimmer et al. (2002) also investigated the photoreactivation potential of 
E.coli (ATCC 11229) after UV irradiation at 5, 8 and 10 mJ/cm
2
, while Tosa and Hirata 
(1999) studied 3 hour photoreactivation of enterohemorrhaigc E.coli (EHEC) following 
UV irradiation at 3.9, 4.0, 4.8, 7.0 and 9.9 mJ/cm
2
.   After extracting and plotting their 
data using the percentage photoreactivation equation (Section 3.2.4.2, equation 3.7), 





















































































Figure 4.7: Percentage photoreactivation of E.coli, data from (a) Zimmer et al., 2002 (b) 
Tosa and Hirata, 1999 
 
From the Figure 4.7(a), it is clear that E.coli following UV dose of 5 mJ/cm
2
 experienced 
the highest level of percentage photoreactivation (10.3%), compared to after just 8 and 10 
mJ/cm
2
 of UV (1.35 and 0.68%, respectively).  Also, from Figure 4.7(b), there was also a 
clear difference in percentage photoreactivation between two UV ranges: 3.9, 4.0, 4.8, 
7.0 and 9.9, 11.9 and 13.2 mJ/cm
2
.  As a result of more damage from higher UV doses, a 
lower percentage of photoreactivation was observed.  It must be noted that in the above-
mentioned case, the E.coli was irradiated at low UV doses which are not usually 
employed in treatment plants.  This is because higher UV doses could result in 
irreversible damage to E.coli such that their repair capabilities become impaired.  Guo et 
al. (2009) irradiated E.coli CGMCC 1.3373 with an LP lamp at 15 mJ/cm
2
 and found no 
incidence of photoreactivation after 4 hours of exposure to light. 
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Several authors have also noted an inverse relationship between photoreactivation and 
UV dose such that when the UV dose increased, the extent of photoreactivation of total 
and fecal coliforms, as well as E.coli, was minimized (Lindenauer and Darby, 1994; Sanz 
et al., 2007; Antonelli et al., 2008).   As presented in Figure 4.6, a higher UV dose 
resulted in a lower percentage photoreactivation of E.coli, and the amount of E.coli 
colonies after 4 hrs of photoreactivation was higher with a lower UV dose, due to the 




Figure 4.8: Correlation of UV dose with the log & percentage photoreactivation of E.coli 
after 4 hrs of photoreactivation following UV irradiation 
 
After a UV dose of 7 mJ/cm
2
, the E.coli colonies were not able to repair to the 
approximately pre-UV concentration of 8 log, due to more damage from the higher UV 
dose and a comparatively lower percentage photoreactivation (34.3% compared to 56.3% 
after 4 mJ/cm
2
).  Conversely, at the lower UV dose of 4 mJ/cm
2
, with a lower 




managed to photoreactivate to 8.02 log after 4 hours of photoreactivation.  Two separate 
studies on the photoreactivation of E.coli ATCC 11229 and enterohemorrhaigc E.coli 
(EHEC) also showed similar relationships between UV dose with percentage 
photoreactivation and E.coli concentration after three or four hours of photoreactivation 









Figure 4.9: Correlations of UV dose with the log & percentage photoreactivation of 
E.coli after 4 hrs of photoreactivation following UV irradiation, data from (a) Zimmer et 
al., 2002 (b) Tosa and Hirata, 1999 
 
From Figure 4.9, it is apparent that the lowest applied UV dose consistently resulted in 
the highest concentration of E.coli after 3 or 4 hrs of photoreactivation, while the lowest 
percentage photoreactivation were observed when the applied UV dose was the highest.  
Hence, it can be concluded that UV dose is inversely proportional to the percentage 
photoreactivation and the log of repaired E.coli after photoreactivation but, as supported 
by the few authors mentioned earlier (Lindenauer and Darby, 1994; Sanz et al., 2007; 










In all the experiments, H2O2 was added to the sample and shaken for 30s prior to UV 
irradiation (Koivunen & Heinonen-Tanski, 2005; Alkan et al., 2007).  Four H2O2 
concentrations (1.0, 3.0, 7.0 and 10.0 mg/L) combined with four UV dosages (4, 7, 10, 12 
mJ/cm
2
) were investigated. 
 
4.3.1.1 Inactivation and synergy 
 
With the addition of 1.0 mg/L of H2O2, antagonistic effects were observed at all UV 
doses, probably because at low concentrations of H2O2, there was a very low generation 
of OH• (Xu et al., 2007).  When H2O2 concentration was increased to 3.0 mg/L, 
synergistic effects were observed at all four UV doses.  This suggests that the increase in 
H2O2 concentration consequently led to an increase in OH• generation (Xu et al., 2007 
and 2009), which contributed to additional log inactivation (synergy) of E.coli.  The level 
of synergy also increased with UV dose, from 4 mJ/cm
2
 (0.16 log) to 7 mJ/cm
2
 (0.207 
log).  Logically, higher UV dose and further increases in H2O2 concentration should 
result in higher synergy levels due to higher OH• production (Xu et al., 2007).  Synergy, 
however, decreased sharply to 0.08 log at 10 mJ/cm
2
 and at 12 mJ/cm
2
, an insignificant 
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with 7.0 mg/L H2O2
with 10.0 mg/L H2O2
 
 
Figure 4.10: E.coli inactivation by H2O2/UV process 
 
From Figure 4.8, when H2O2 concentration was increased to 7.0 mg/L, synergy was only 
observed at 4 and 7 m/cm
2
, and slight antagonistic effects were measured at higher UV 
doses of 10 and 12 mJ/cm
2
.  Moreover, synergy levels were not as high compared to 
H2O2 concentration of 3.0 mg/L.  Several authors have suggested that there is an 
optimum H2O2 dose that the system has to operate with, and exceeding this optimum 
dose would result in a scavenging effect of OH• by the excess H2O2 present (Kleiser & 
Frimmel, 2000; Wang et al., 2000; Rehman et al., 2006).  To confirm this phenomena, a 
higher H2O2 dose (10.0 mg/L) was added.  From Figure 4.8, no observable synergy 
(0.006 log) was measured at 4 mJ/cm
2
, with increasing antagonistic effects as UV dose 
increased, reaching highest level at 12 mJ/cm
2
 (-0.353 log).  These results show that, at 
this particular working range of H2O2 and UV dose, 3.0 mg/L of H2O2 is the optimum 
dose.  Table 4.6 summarises the synergy/antagonistic levels of various H2O2 
concentrations with the four UV doses: 
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Table 4.6: Synergistic/antagonistic levels of H2O2/UV process* 
 
H2O2 conc. (mg/L) UV dose 
(mJ/cm
2
) 1 3 7 10 
4 -0.086 0.160 0.095 0.006 
7 -0.234 0.207 0.158 -0.120 
10 -0.078 0.080 -0.245 -0.171 
12 -0.693 0.063 -0.025 -0.353 
* note: negative values indicate antagonistic results 
 
Since the log inactivation of UV at 10 and 12 mJ/cm
2
 exceeds the required log 
inactivation of 1 to 2 log, the experiments proceeded with the focus on 3.0 mg/L H2O2 
with UV at 4 and 7 mJ/cm
2




Immediately after UV irradiation, the samples were placed under a fluorescent lamp for 
four hours, and samples were collected every hour.   Figure 4.11 show the 
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Figure 4.11: E.coli photoreactivation following H2O2/UV process   
 
Compared to photoreactivation following UV irradiation alone (Section 4.2.2, Figure 
4.6), no significant difference could be observed with UV with H2O2 addition, as shown 
in Figure 4.9.  The highest increase in photoreactivation in one hour was at the 1
st
 hour, 
when the E.coli was able to photoreactivate between 13 to 29%.  Photoreactivation also 
leveled off at the 3
rd
 hour to 63 and 26% for 4 and 7 mJ/cm
2
, respectively.  This 
phenomenon was also reported by Quek and Hu (2008) when they studied the 
photoreactivation of E.coli ATCC 15597 (along with other strains) following UV 
disinfection with LP and MP lamps. Also, there was a higher percentage 
photoreactivation following H2O2/UV (4 mJ/cm
2
) compared to that at 7 mJ/cm
2
, 
consistent with the results obtained with the UV experiments in Section 4.2.2.  As 
pointed out, there was a lower percentage photoreactivation with a higher UV dose (7 
mJ/cm
2
), due to more damage from the higher UV dose applied, resulting in a lower final 
E.coli concentration, compared to that of following a lower UV dose (4 mJ/cm
2
).  Figure 
4.12 shows this comparison. 
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Figure 4.12: Correlation of UV dose with the log & percentage photoreactivation of 
E.coli after 4 hrs of photoreactivation following H2O2/UV process 
 
E.coli following the H2O2/UV process also did not result in a 100% percentage 
photoreactivation, pointing to the fact that the cells were damaged irreversibly to a certain 
extent (Hu et al., 2005). Figure 4.9 also shows that the addition of H2O2 prior to UV has 
no effect on the photoreactivation of E.coli as H2O2 is a very poor bactericide (Alsari et 
al., 1992; Liberti et al., 2000), and only contributes to the generation of OH· for 




Based on results from Section 4.1.2.1 (Fig. 4.3), a 13 minute contact time of 2.0 mg/L 
chlorine could achieve a 0.83 log reduction of E.coli in feed water.  With an average log 
reduction of 0.48 and 1.41 for UV dose of 4 and 7 mJ/cm
2
 respectively, the expected log 
reduction of UV/Cl2 will be between 1.31 and 2.24, even if no synergy is present, hence 
meeting the 1 to 2 log inactivation requirement.    
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4.3.2.1 Inactivation and synergy 
 
Figure 4.10 shows the expected and actual log reduction of UV dose of 4 and 7 mJ/cm
2
 
followed by 2.0 mg/L of Cl2.  A clear synergy of 0.96 log can be observed, much higher 
than that of H2O2/UV system.  A synergy of 0.675 log was reported by Lotierzo et al. 
(2004) with a UV/Cl2 process (UV = 7 mJ/cm
2
, Cl2 C.t = 0.1 mg/L.min).  The disparity in 
C.t value could be attributed to the medium used in their study (sterile phosphate buffer 
solution), which did not contribute to chlorine demand, as well as a lower (10 times) 
concentration of E.coli used.   Virto et al. (2005) also noted that the differences in the 
initial concentrations of E.coli suspensions can have different effects on chlorination 
kinetics.  They reported a rapid chlorine demand in the first 10s with higher initial 
concentration of E.coli suspensions, while the rapid chlorine demand took place over a 
longer period (1 min) when the E.coli concentration was lowered by 10 times.    In a 
study of UV/Cl2 process, Kashinkunti et al. (2004) found enhanced susceptibility of 
E.coli to Cl2 following UV irradiation. Shang et al. (2007) suggested that the application 
of both physical and chemical disinfectants attack different sites within the cell may lead 


























UV = 4 mJ/cm2
Cl2 = 2.0 mg/L

























UV = 7 mJ/cm2
Cl2 = 2.0 mg/L
t = 13 mins
Synergy = 1.89
 
                                     (a)                                                                   (b) 
 
Figure 4.13: E.coli inactivation by UV/Cl2 (2.0 mg/L, 13 mins) process at  
(a) 4 mJ/cm
2




When the UV dose was increased to 7 mJ/cm
2
, the level of synergy increased 
significantly, from 0.96 to 1.89, as shown in Figure 4.13.  This could be explained by the 
fact that the higher UV dose caused more damage (Zimmer et al., 2002), rendering the 
E.coli even more susceptible to chlorine attack, resulting in the higher inactivation levels.  
Overall log reduction was between 2.2 and 3.7 log, which was approximately twice that 
of the log reduction requirement.   Such high levels of inactivation was unnecessary and 
may lead to more DBPs formation than would be if lesser amounts and/or contact time of 
chlorine was applied whilst still meeting the target of 1 to 2 log inactivation requirement, 
since DBPs formation is directly proportional to chlorination contact time (Krasner et al., 
1996; Nikolaou, 1999). As such, a lower Cl2 concentration (1.0 mg/L) was investigated, 
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Cl2 = 1.0 mg/L





























UV = 7 mJ/cm2
Cl2 = 1.0 mg/L




(a)       (b) 
 
Figure 4.14: E.coli inactivation by UV/Cl2 (1.0 mg/L, 13 mins) process at  
(a) 4 mJ/cm
2




Figures 4.14 (a) and (b) show the inactivation and synergy levels of UV followed by 
chlorination at lower chlorine concentration of 1.0 mg/L and contact time of 13 minutes.  
Overall inactivation level was between 0.85 and 1.46 log.  Synergy levels were also much 
lesser compared to that of 2.0 mg/L.  No synergy was observed at UV/Cl2 (4 mJ/cm
2
) 
while only 0.11 log was observed at UV (7 mJ/cm
2
) with Cl2.  The lack of and low level 
of synergy (at 4 and 7 mJ/cm
2
, respectively) was probably because at lower chlorine 
concentrations, due to Cl2 being a less stable residual, less chlorine was made available 
for inactivation on the UV-damaged cells.  Further, from the chlorination disinfection 
kinetics of E.coli in Section 4.1.2.1, it was shown that chlorine disinfection is highly 
dependent on the chlorine dose, hence a reduction in chlorine dose might have also 
contributed to the low synergy levels.  Also, a higher synergy level at a higher UV dose 
(7 mJ/cm
2
) could be a result of more damage to E.coli by UV (Zimmer et al., 2002) and 
consequently less resistant to Cl2 attack.  The contact time was then increased to 26 
minutes to determine if higher levels of inactivation and synergy could be achieved.   
























UV = 4 mJ/cm2
Cl2 = 1.0 mg/L























UV = 7 mJ/cm2
Cl2 = 1.0 mg/L
t = 26 mins
Synergy = 0.19
 
                                (a)                    (b) 
 







A higher contact time resulted in slightly better synergies (and hence overall log 
reduction), compared to that at 13 minutes.   As shown in Section 4.1.2.1, chlorination 
efficiency is more dependent on chlorine dose rather than the contact time and although 
the increase in contact time resulted in improved synergies, the levels were still much 
lower than that at 2.0 mg/L (t = 13 mins).   This shows that for disinfection involving the 
use of Cl2, to increase the synergistic effect, it is more efficient to do so by increasing 
chlorine concentration rather than contact time. Overall log reduction was increased to 
0.88 to 1.64 log.  Table 4.7 summarises the log inactivation as well as synergy levels for 







Table 4.7: Summary of inactivation and synergy levels of UV/Cl2 process* 
 
Chlorination UV dose 
(mJ/cm
2
) 2.0 mg/L, 13 mins 1.0 mg/L, 13 mins 1.0 mg/L, 26 mins 
4 2.22 (0.96) 0.85 (0.00) 0.88 (0.03) 
7 3.84 (1.89) 1.46 (0.11) 1.64 (0.19) 




Chlorine was not removed following UV/Cl2, so as to maintain a chlorine residue in the 
water sample throughout the four hours of photoreactivation study.  Residual Cl2 
concentrations ranged from 0.12 mg/L in the 1
st
 hour to 0.03 mg/L in the 4
th
 hour. As 
shown in Figure 4.16, for Cl2 concentration of 1.0 mg/L (13 and 26 mins), suppression of 
photoreactivation of E.coli occurred at all four hours due to the presence of chlorine 












































































UV (7mJ/cm2)Cl2: 1 mg/L, 26 mins
 
                                    (a)              (b) 
 
Figure 4.16: E.coli photoreactivation following UV/Cl2 (1.0 mg/L) process  
(a) 13 mins (b) 26 mins  
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The negative percentage photoreactivation also indicated that there was continued 
disinfection throughout the four hours, due to the presence of chlorine residue.  At the 
end of the first hour, no E.coli colonies could be detected on the agar plates (i.e. detection 
limit was reached), and this continued for the remaining three hours. Addition of chlorine 
resulted in the inactivation of all the E.coli present, regardless of the preceding UV dose.  
In Sections 4.2.2 and 4.3.1.2, it was determined that photoreactivation percentages 
following UV and H2O2/UV at 4 mJ/cm
2
 were always higher (more positive) than that 
following 7 mJ/cm
2
.  Consequently, a “less negative” percentage photoreactivation would 
be expected following UV/Cl2 (4 mJ/cm
2
) compared to that at 7 mJ/cm
2
.  The results in 
Figure 4.16 show that this is not the case.  A re-look into Equation 3.7 (Section 3.2.4.2) 
explains why.   
 
Assuming N’(0) to be a constant (similar initial bacteria concentration) and with 
detection limit reached after 4 hours with chlorine present in the water, N(t) would be a 
constant as well.  A lower UV dose would result in a higher magnitude for N(0) and 
hence a “more negative” numerator, compared to that following a higher UV dose.  
Although a lower UV dose also results in a larger denominator, the effect is not as 
pronounced as the numerator.  As a result, the overall percentage photoreactivation is 






4.3.2.3 DBPs formation 
 
THMs and 5HAAs were measured at 0
th
 hour (immediately following chlorination) and 
every hour during the four-hour photoreactivation study.  In total, five samples were 
collected and extracted for DBPs determination during each UV/Cl2 experiment, as 


























UV/Cl2 (4mJ/cm2; 1ppm, 26 mins)
























UV/Cl2 (4mJ/cm2; 1ppm, 22 mins)
UV/Cl2 (7mJ/cm2; 1ppm, 22 mins)
 
  (a)                        (b) 
 
Figure 4.17: DBPs following UV/Cl2 (a) THMs (b) 5HAAs 
 
Formations of THMs and 5HAAs were proportional to the contact time of chlorine with 
NOM (Figure 4.17), since chlorine residue was present throughout the study (Singer, 
1994).  THMs increased steadily over the four hours during the photoreactivation study.  
Maximum THMs levels were recorded at the 4
th
 hour, while 5HAAs formation also 
showed a general trend of increasing concentrations over the four hour time period, 
reaching a peak at the 2
nd
 hour.  THMs and HAAs are major categories of chlorination 
by-products (Pourmoghaddas and Stevens, 1995; Giller et al, 1997; Nikolaou et al, 
2004b), and studies have shown that THMs and 5HAAs levels are approximately equal 
(Malliarou et al., 2005).  As with this study, THMs and 5HAAs concentrations were 
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comparable, with maximum levels reaching 3.28 µg/L and 2.47 µg/L, respectively. 
Although THMs and 5HAAs levels appeared to be higher after UV/Cl2 (7 mJ/cm
2
), the 
difference seemed insignificant, particularly because the concentrations were so low and 
because there were no changes to either the water quality or chlorination conditions.  This 
was confirmed by comparing the two data sets performing the t-test at 95% confidence 
level, and it was found that the null hypothesis (in which DBPs as a result of UV/Cl2 at 4 
mJ/cm
2 
= UV/Cl2 at 7 mJ/cm
2
) could not be rejected.   
 
Experiments with Cl2 alone achieving similar log reductions to UV/Cl2 (4 and 7 mJ/cm
2
, 
2.0 mg/L) processes were carried out.  The contact time required to achieve these log 
reductions were determined from Figure 4.3 in Section 4.1.2.1, and confirmed with 
experimental results. A 22 and 36 mins contact time was required to achieve similar log 
inactivation to UV/Cl2 4 and 7 mJ/cm
2
, respectively. This was to investigate DBPs levels 
from chlorination alone to compare it with UV/Cl2 processes and determine if – at similar 
log reductions – UV/Cl2 would result in lower DBPs formation.  22 mins of chlorination 
yielded 5.49 µg/L or THMs and 3.47 µg/L of 5HAAs, which was 30% and 45% higher 
than the THMs and 5HAAs levels from UV/Cl2 (4 mJ/cm
2
) process, respectively. 36 
mins of chlorination yielded 7.75 µg/L of THMs and 3.96 µg/L of 5HAAs, which was 
42% and 57% greater than the UV/Cl2 (7 mJ/cm
2
) process.  Inactivation with chlorination 
alone inevitably required longer contact times to match log reductions of UV/Cl2 
processes, which led to higher formations of THMs and 5HAAs.  Hence, utilizing UV as 
a primary disinfectant to inactivate the bulk of the E.coli and then using Cl2 as a 
secondary disinfectant would not only result in meeting targeted log inactivation, but also 
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As with UV/Cl2, based on results obtained in Section 4.1.2.2, a 22 minute contact time of 
2.0 mg/L NH2Cl could achieve a 0.83 log reduction of E.coli.  With an average log 
reduction of 0.48 and 1.41 for UV dose of 4 and 7 mJ/cm
2
 respectively, the expected 
additive log reduction of UV/NH2Cl would be 1.31 to 2.24, even if no synergy is present, 
satisfying the 1 to 2 log inactivation requirement.    
 
4.3.3.1 Inactivation and synergy 
 
Synergy and inactivation levels observed with UV/NH2Cl were very similar to UV/Cl2 
experiments. NH2Cl addition following UV at 4 and 7 mJ/cm
2
 achieved synergy of 0.95 




























UV = 4 mJ/cm2
NH2Cl = 2.0 mg/L



























UV = 7 mJ/cm
2
NH2Cl = 2.0 mg/L
t = 22 mins
Synergy = 1.86
 
                                       (a)                                                                 (b) 
 
Figure 4.18: E.coli inactivation by UV/NH2Cl (2.0 mg/L, 22 mins) process at  
(a) 4 mJ/cm
2




Synergy and higher inactivation rates have been reported with UV/NH2Cl processes 
involving the disinfection of AD serotype 2 and MS2 (Ballaster & Malley Jr., 2004; 
Shang et al., 2007), though no data on E.coli has been reported.  UV-damaged E.coli 
were also rendered more susceptible to attack from chemical disinfectants (Dykstra et al., 
2007), and the higher the UV dose, the more damage (Zimmer et al., 2002) and hence a 
higher synergy level obtained. Overall log reduction was between 2.2 and 3.8 log, which 
exceeded the log reduction requirement by approximately twice.  As such, a lower 
concentration of NH2Cl (1.0 mg/L) was also considered, with 22 and 44 minutes contact 


























UV = 4 mJ/cm2
NH2Cl = 1.0 mg/L


























UV = 7 mJ/cm2
NH2Cl = 1.0 mg/L
t = 22 mins
Synergy = 0.45
 
                                     (a)                                                                    (b) 
 
Figure 4.19: E.coli inactivation by UV/NH2Cl (1.0 mg/L, 22 mins) process at  
(a) 4 mJ/cm
2
, (b) 7 mJ/cm
2 
 
Despite lowering NH2Cl concentration to 1.0 mg/L, a synergy of 0.45 log could be 
achieved.  The overall log reduction (1.1 to 1.86 log) was also within the targeted 
inactivation requirement.  It was also noted that NH2Cl – being a more stable disinfectant 
residue – could achieve better inactivation and synergy levels when compared to UV/Cl2 
with similar C.t value for chlorine.  When the contact time was doubled to 44 minutes, 




























UV = 4 mJ/cm
2
NH2Cl = 1.0 mg/L





























UV = 7 mJ/cm
2
NH2Cl = 1.0 mg/L
t = 44 mins
Synergy = 1.42
 
                                       (a)                                                                  (b) 
 
Figure 4.20: E.coli inactivation by UV/NH2Cl (1.0 mg/L, 44 mins) process at  
(a) 4 mJ/cm
2





Overall log inactivation was between 2.46 and 2.91 log, and synergy increased three-fold 
(compared to 1.0 mg/L, 22 mins) to between 1.42 and 1.53 log.  It was observed that 
when chlorine was used, the doubling of contact time only resulted in slightly elevated 
levels of log inactivation and synergy, which showed that contact time has a more 
pronounced effect on chloramination kinetics than on chlorination kinetics.  However, 
such long contact times were unnecessary, since the targeted log inactivation was exceed 
by 1 log and longer contact times could resulted in elevated DBPs formation.  Table 4.8 
summarises the inactivation and synergy levels for these three conditions.  
 
Table 4.8: Inactivation and synergy levels of UV/NH2Cl process* 
 
Chloramination UV dose 
(mJ/cm
2
) 2.0 mg/L, 22 mins 1.0 mg/L, 22 mins 1.0 mg/L, 44 mins 
4 2.18 (0.95) 1.10 (0.44) 2.46 (1.53) 
7 3.78 (1.86) 1.86 (0.45) 2.91 (1.42) 




All the E.coli was inactivated by NH2Cl by the second hour after the UV with NH2Cl 
disinfection.  Photoreactivation was effectively suppressed and the presence of NH2Cl in 
the water sample ensured disinfection throughout the 4 hours (Figure 4.21).  As with the 
UV/Cl2 processes, percentage photoreactivation is “more negative” following a lower UV 
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dose.  Residual NH2Cl concentrations ranged from 0.95 mg/L in the 1
st
 hour to 0.40 mg/L 
in the 4
th












































































UV (7mJ/cm2) NH2Cl: 1 mg/L, 44 mins
 
                                    (a)                 (b) 
 
Figure 4.21: E.coli photoreactivation following UV/NH2Cl (1.0 mg/L) process  
(a) 22 mins (b) 44 mins  
 
Disinfection from NH2Cl residue suppressed photoreactivation at all four hours, since at 
no time did the E.coli population exceed that at time zero (i.e. immediately after 
UV/NH2Cl).  Thus, although NH2Cl is a weaker disinfectant compared to Cl2, its ability 
as a persistent disinfectant residue is sufficient to prevent photoreactivation of E.coli after 
UV irradiation.  This was also reported by Quek et al. (2006) when they reported that 1.0 
mg/L of NH2Cl was sufficient to inhibit photoreactivation for up to 6 hours while 0.5 
mg/L of NH2Cl could only suppress photoreactivation for one hour.  Another study done 
on UV-treated heterotrophic bacteria (< 10 CFU/mL) in sterile filtered water underwent 
regrowth to greater than 65,000 CFU/mL after 7 days of incubation in the dark.  When 
2.6 mg/L NH2Cl was added, bacteria regrowth was inhibited and bacteria concentration 
was reduced to less than 3 CFU/mL after 7 days (Mofidi et al., 2002).   
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4.3.3.3 DBPs formation 
 
THMs and 5HAAs were also collected at five different periods of the experiment: 0
th
 
hour (immediately after UV/NH2Cl), and every hour of the photoreactivation study up till 
(and including) the 4
th
 hour.  As expected, compared to UV/Cl2 experiments, lesser 
THMs and 5HAAs were formed , since NH2Cl has a much lower rate of reaction with 
NOM and is a weaker disinfectant as compared to Cl2 (Adams et al., 2005; Fehrman, 
2006).   Although there are no literature directly comparing THMs and 5HAAs values of 
UV/Cl2 and UV/NH2Cl systems, the higher DBPs levels as a result of chlorination as 
compared to chloramination in various water matrix are well documented (Speitel, 1999; 




























UV/NH2Cl (4 mJ/cm2; 1ppm, 22 mins)


























                                      (a)                                                                  (b) 
 
Figure 4.22: DBPs following UV/NH2Cl (a) THMs (b) 5HAAs 
 
As shown in Figure 4.22, THMs and 5HAAs continued to increase over 3 hours and 
peaking at the 3
rd
 hour, with a slight decline at the 4
th
 hour.  Compared to UV/Cl2, THMs 
and 5HAAs levels were 44 to 73% and 37 to 68% lower in UV/NH2Cl systems, 
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respectively.  Maximum THMs and 5HAAs concentrations were 1.01 µg/L and 1.27 
µg/L, respectively.  Some differences in the levels of THMs and 5HAAs between the 









 hour of 5HAAs formation), although there were no changes 
to chloramination conditions or feed water quality.  To determine if these differences 
were significant, the t-test was also performed at 95% confidence level and the DBPs 
levels from the two conditions were not statistically different.  UV/Cl2 and UV/NH2Cl 
processes are both suitable for groundwater and surface water disinfection, with the latter 
having lesser trihalomethanes formation potential (THMFP) compared to the former 
(Chlorination and Alternative Disinfectants Guidance Manual, 2005). In deciding 
between the use of a UV/Cl2 or UV/NH2Cl process to replace water treatment facility 
using a conventional chlorination process, Shang et al. (2007) suggested UV/NH2Cl as an 
ideal replacement so as to lower DBPs formations, whereas UV/Cl2 is recommended for 
treatment of water with high susceptibility of recontamination by chlor(am)ine-resistant 
pathogens such as Cyrptosporidium (but at the same time acknowledging the possibility 
of higher DBPs levels).  In terms of synergy and overall log reduction, as well as control 
and prevention of photoreactivation, UV/NH2Cl system worked as well as (or even better 




From Section 4.3.2.1, when the chlorine dose was 2.0 mg/L, the overall log reduction of 
the UV/Cl2 system exceeded the log reduction requirement by approximately twice.  As 
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such, in subsequent H2O2/UV/Cl2 systems, the concentration of chlorine added was 
reduced to 1.0 mg/L.  The chlorine contact times were 13 and 26 mins. 
   
4.3.4.1 Inactivation and synergy 
 
Three synergy levels were calculated in these “3-in-1” systems: synergy from H2O2 as a 
result of the H2O2/UV process; synergy from Cl2 as a result of chlorine addition after 
H2O2/UV; and the overall synergy (addition of the first two synergies).  Figure 4.23 






























H2O2 = 3.0 mg/L
UV = 4 mJ/cm2
Cl2 = 1.0 mg/L
t = 13 mins
Synergy from Cl2 = - 0.11




































H2O2 = 3.0 mg/L
UV = 7 mJ/cm2
Cl2 = 1.0 mg/L
t = 13 mins
Synergy from Cl2 = 0.20






Figure 4.23: E.coli inactivation by H2O2/UV/Cl2 (1.0 mg/L, 13 mins) process at (a) 4 
mJ/cm
2




Compared to UV/Cl2 (4 mJ/cm
2
; 1.0 mg/L, 13 mins), this system fared no better and no 
observable synergy was found.   However, when the UV dose was increased to 7mJ/cm
2
, 
there was a 0.20 log synergy as a result of Cl2, compared to 0.11 log synergy from the 
UV/Cl2 system (7 mJ/cm
2
; 1.0 mg/L, 13 mins).  This was probably because of a 
combination of cell damage from OH• as well as UV irradiation of the H2O2/UV process 
prior to chorine addition, weakening its resistance to chlorine attack (Dykstra et al., 2007) 
compared to only prior UV irradiation alone.  This effect of a combination of cell attack 
from OH• and UV irradiation was not observable from the H2O2/UV/Cl2 (4 mJ/cm
2
) 
system was probably due to two reasons: (1) either the UV dose was not high enough to 
generate sufficient OH• (since generation of it is directly proportional to the applied UV 
dose; Xu et al., 2007 & 2009) to cause appreciable damage to E.coli, (which was why 
synergy was only observed at higher UV dosage) or (2) chlorine contact time was too 
short to ensure that the low concentrations of residual chlorine had sufficient amount of 
time to fully penetrate into the cell walls of the E.coli.  The second explanation could be 
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further strengthened by doubling the chlorine contact time to 26 mins, to determine if a 
longer contact time will result in synergy.  Although it was suggested (Section 4.3.2.1) 
that contact time had a less significant effect on chlorination kinetics than chlorine dose, 
the bactericidal effects of OH• may make up for this “shortfall”.  The results here suggest 
that the addition of H2O2 prior to UV disinfection, while aiding in disinfection efficiency, 
also helps to reduce reliance on an increase in Cl2 dose and concentration to improve 
disinfection efficiency.  On a larger scale, this combination can potentially reduce DBPs 
levels significantly while ensuring adequate disinfection.  Results for this condition are 
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Figure 4.24: E.coli inactivation by H2O2/UV/Cl2 (1.0 mg/L, 26 mins) process at (a) 4 
mJ/cm
2




Synergy levels were immediately observable at both UV dosages, and the system fared 
much better, compared to UV/Cl2 process as well as H2O2/UV/Cl2 (1.0 mg/L, 13 mins) 
process.  Even at the low UV dose (4 mJ/cm
2
), synergy improved to a significant 0.59 
log.  At 7 mJ/cm
2
, the synergy was even more pronounced (0.72 log).  This shows that 
the combination of cell attack by OH• and UV makes E.coli even more vulnerable to 
chlorine disinfection (compared to just UV alone), especially when sufficient contact 
time is allowed for inactivation to take place and even when chlorine dose remained 








Table 4.9: Summary of inactivation and synergy levels of H2O2/UV/Cl2 process* 
 





) 1.0 mg/L, 13 mins 1.0 mg/L, 26 mins 
4 0.86 (-0.01) 1.46 (0.59) 
7 1.69 (0.32) 2.19 (0.72) 
 
* values in parentheses denote total synergy levels;  
negative value denotes antagonistic result 
#
 H2O2 concentration = 3.0 mg/L 
 
From Table 4.9, it is also apparent that at low chlorine doses of 1.0 mg/L, a longer 
contact time is required to achieve between 1 to 2 E.coli log inactivation.  When the 
contact time was doubled to 26 mins, much better results were achieved.  The targeted 
log inactivation was met, and synergy was present at both UV doses.  As such, the 
following sections (photoreaction and DBPs formation) will focus on this system 




From Figure 4.25, it can be seen that there is a gradual decrease in magnitude of 
percentage photoreactivation levels, which point to the fact that not all E.coli were 
inactivated by the first hour, and there was continuous disinfection throughout the four 
hours of photoreactivation study.  Residual Cl2 concentrations ranged from 0.08 mg/L in 
the 1
st
 hour to 0.02 mg/L in the 4
th







































H2O2 = 3.0 mg/L
Cl2= 1.0 mg/L, 26 mins
 
 
Figure 4.25: E.coli photoreactivation following H2O2/UV/Cl2 process 
 
As a reactive oxidant, Cl2 would be involved in the process of forming DBPs with NOM 
present in the water as well as the inactivation of E.coli.  These simultaneous reactions 
might have resulted in a delay in the suppression of photoreactivation, which could 
explain the gradual decrease in percentage photoreactivation depicted in Figure 4.25. 
 
4.3.4.3 DBPs formation 
 
A general increasing trend was observed with both THMs and 5HAAs formation, which 
peaked around the 3
rd
 hour of the photoreactivation study (Figure 4.26).  This trend is 
expected, since both THMs and HAAs are end rather than intermediate products (Xie, 
2004), and their concentrations are expected to increase with reaction time (Krasner et 
al., 1996; Nikolaou, 1999; Yang et al., 2005). Maximum levels of THMs and 5HAAs 
were 2.20 µg/L and 2.69 µg/L, respectively.  It was also noted that at some points (1st and 
4
th




 hour of 5HAAs formation) there were slightly 
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higher levels of THMs and 5HAAs from H2O2/UV/Cl2 experiments as compared to 
UV/Cl2 experiments.  At such low levels of H2O2 and UV doses, it was not expected that 
the oxidation capabilities (if any) of the H2O2/UV process would sufficiently lower TOC 
to levels that would affect DBPs formations.  A study showed that the degradation of 5.0 
mg/L of humic acid occurred only at a high UV intensity of 2758 mW/cm
2
 with 2500 
mg/L H2O2 added (Wang et al, 2000).  A t-test (performed at 95% confidence level) 

























H2O2/UV/Cl2 (4mJ/cm2; 1ppm. 26 mins)
























H2O2/UV/Cl2 (4mJ/cm2; 1ppm. 22 mins)








As presented in Section 4.3.3.1, 2.0 mg/L of NH2Cl and 22 mins of contact time after UV 
irradiation resulted in twice the required overall log reduction.  Subsequently, the 
concentration of NH2Cl was reduced to 1.0 mg/L in the H2O2/UV/NH2Cl experiments, 
and the contact time remained at 22 mins.  However, to achieve similar C.t value of 44 to 
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that in Section 4.3.3.1, the experiments were also conducted with a contact time of 44 
mins. 
 
4.3.5.1 Inactivation and synergy 
 
From the results shown in Figure 4.27, the addition of NH2Cl (1.0 mg/L, 22 mins) after 
UV (at both UV doses) resulted in enhanced disinfection, with a synergy of 0.43 to 0.45 
log.  Together with synergy contributed by H2O2, the total synergy level was 0.55 to 0.58 
log, with an overall log reduction of 1.23 to 2.01 log.  This process performed better in 
terms of synergy and overall log reduction, compared to H2O2/UV/Cl2 (1.0 mg/L, 13 and 
26 mins) process.  This could be attributed to the fact that residual concentrations of 
NH2Cl were higher than that of Cl2, and that NH2Cl is more stable compared Cl2 is well 
documented (EPA, 1999; Shang et al., 2007). Given the same feed water conditions, 
NH2Cl was consistently more stable in the water and less reactive with the water matrix.  
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Figure 4.27: E.coli inactivation by H2O2/UV/NH2Cl (1.0 mg/L, 22 mins) process at  
(a) 4 mJ/cm
2




Compared to UV/NH2Cl (1.0 mg/L, 22 mins) process, the addition of H2O2 improved 
overall synergy by approximately 0.12 log.  Prior disinfection by OH• on the E.coli cells 
seemed to have a positive effect on subsequent penetration by chloramine, even at low 
UV dose (4 mJ/cm
2
).  Unlike chlorine, the stability and low reactivity of NH2Cl meant 
that disinfection was taking place rather than reaction with the NOM present in the water 
matrix.   As a result, the overall log reduction achieved with the H2O2/UV/NH2Cl (1.0 
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mg/L, 22 mins) process was closer to the targeted 1 to 2 log reduction, compared to 
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t = 44 mins
Synergy from NH2Cl = 1.48




































H2O2 = 3.0 mg/L
UV = 7 mJ/cm
2
NH2Cl = 1.0 mg/L
t = 44 mins Synergy from NH2Cl =1.32






Figure 4.28: E.coli inactivation by H2O2/UV/NH2Cl (1.0 mg/L, 44 mins) process at (a) 4 
mJ/cm
2
, (b) 7 mJ/cm
2 
 
When the contact time was doubled to 44 mins (Figure 4.28), a high level of synergy was 
observed (1.32 to 1.48 log).  Together with the synergy contributed by H2O2/UV process, 
disinfection with higher concentrations of OH• and longer chloramination contact time 
resulted in an overall log reduction that exceed the targeted log reduction by 1 log.  
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Hence, it is clear that such a long contact time is unnecessary and may be undesirable 
because of the formation of higher levels of DBPs.  Table 4.10 summarises the overall 
log reduction and total synergy levels of the H2O2/UV/NH2Cl processes. 
 
Table 4.10: Summary of inactivation and synergy levels of H2O2/UV/NH2Cl process* 
 





) 1.0 mg/L, 22 mins 1.0 mg/L, 44 mins 
4 1.23 (0.54) 2.56 (1.60) 
7 2.01 (0.58) 3.03 (1.51) 
 
* values in parentheses denote total synergy levels 
#
 H2O2 concentration = 3.0 mg/L 
 
At 1.0 mg/L of NH2Cl, both contact times (22 and 44 mins) were able to satisfy the 1 to 2 
log inactivation requirement and also produced a satisfactory synergistic result with 
H2O2/UV process.   At 44 mins contact time, since the overall log reduction exceeded the 
requirement, such a high log inactivation is not necessary.  Moreover, a longer contact 
time may lead to slightly elevated levels of DBPs.  As such, 1.0 mg/L NH2Cl at a 22 mins 
contact time following H2O2/UV will be sufficient to meet all the targeted requirements.  
The following sections (photoreactivation and DBPs formation) will thus concentrate on 








As with the UV/NH2Cl system, photoreactivation following H2O2/UV/NH2Cl was 
inhibited due to the presence of the stable NH2Cl residue.  No E.coli was detected after 
the first hour of photoreactivation study, which meant that all remaining E.coli after UV 
irradiation were inactivated by NH2Cl by the first hour, or that disinfection by NH2Cl 








































H2O2 = 3.0 mg/L
NH2Cl = 1.0 mg/L, 22 mins
 
 
Figure 4.29: E.coli photoreactivation following H2O2/UV/NH2Cl process 
 
Residual NH2Cl concentrations were between 0.86 mg/L in the 1
st
 hour to 0.34 mg/L in 
the 4
th
 hour. This is similar to a study by Quek et al. (2006) where they found that 1.0 





4.3.5.3 DBPs formation 
 
THMs and 5HAAs showed general increase over four hours, and reached maximum 
levels around the third hour, probably due to NH2Cl being a less reactive as an oxidant 
and less capable of forming DBPs compared to Cl2.  Figure 4.30 presents the DBPs 
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H2O2/UV/NH2Cl (4mJ/cm2; 1ppm. 22 mins)
H2O2/UV/NH2Cl (7mJ/cm2; 1ppm. 22 mins)
 
                                  (a)                                                                 (b) 
 
Figure 4.30: DBPs following H2O2/UV/NH2Cl (a) THMs (b) 5HAAs 
 
During the four hours, THMs and 5HAAs from H2O2/UV/NH2Cl were on average 45 to 
71% and 40 to 70% lower than the H2O2/UV/Cl2 processes, respectively.  Maximum 
THMs and 5HAAs concentrations were 0.69 µg/L and 1.45 µg/L, respectively.  It was 
interesting to note that THMs and 5HAAs concentrations were higher at some points of 
the H2O2/UV/NH2Cl processes (e.g.1
st




 hour of 5HAAs 
formation) as compared to UV/NH2Cl.  As explained in Section 4.3.4.3, it is difficult to 
attribute these differences to the oxidative properties (if any) from the H2O2/UV process 
as these differences seemed insignificant.   
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4.4 Comparison of integrated UV systems 
 
The overall log inactivation, synergy levels (if any), percentage photoreactivation and 
DBPs levels of the four integrated UV systems were compared (Table 4.11) to determine 
which process would be the most ideal integrated UV system that could result in 
synergistic disinfection and meet a targeted E.coli inactivation of 1 to 2 log, suppress 
photoreactivation and form the least amounts of DBPs. 
 


























































* minimum and maximum levels over four hours of photoreactivation 
# 
only systems satisfying the first objective (meeting targeted 1 – 2 log inactivation) were 






4.4.1 Inactivation and synergy 
 
From Table 4.11, systems adopting a H2O2/UV process before the addition of 
chlor(am)ine were able to just exceed the targeted 1 to 2 log inactivation, which showed 
that the H2O2/UV process could enhance (in terms of synergy and log inactivation) 
disinfection.  This could be seen in the total synergy achieved, which was at least 0.5 log 
in the “3-in-1” processes.  Integrating H2O2/UV with chlorine seemed to achieve a greater 
enhancement, evident from the significant increase in synergy levels.  As explained in 
Section 4.3.4.1, this might be due to the low residual Cl2 present which require a longer 
contact time.  H2O2/UV might have resulted in more chlorine-susceptible E.coli cells, but 
only to a lesser extent, since doubling the chlorination contact time resulted in significant 
log inactivation and synergy levels (Section 4.3.4.1).  On the other hand, the more stable 





All four systems displayed excellent abilities to suppress photoreactivation, and E.coli 
concentrations did not return to post-UV irradiation levels; in fact, the presence of 
disinfectant residue killed off all remaining E.coli in the water.  Although the data is 
inconclusive to determine which system fared best in preventing photoreactivation, 
considering that NH2Cl is a more persistent residue, processes adopting NH2Cl as a 
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secondary disinfectant for the purpose of additional disinfection and prevention of 
photoreactivation is more desirable than Cl2.  
 
4.4.3 DBPs formation 
 
As expected, chlorination resulted in more THMs and 5HAAs formation, of which they 
are undesirable.  With the UV/Cl2 process, it produced approximately 3 times more 
THMs and 2 times more 5HAAs than the UV/NH2Cl process, even though the overall log 
reduction was approximately 0.2 log lower than the latter.  With the H2O2/UV/Cl2 
process, although it managed to achieve higher overall log inactivation (0.2 log) than 
H2O2/UV/NH2Cl, THMs and 5HAAs levels were also three- and almost two-fold higher 
than that of H2O2/UV/NH2Cl process.  With such significant increases in DBPs, it cannot 
be justified to choose systems with Cl2 as a secondary disinfectant for mere advantage of 
0.2 log inactivation over those that use NH2Cl.   
 
4.4.4 Optimised integrated UV system 
 
An ideal integrated UV system should achieve a good balance between providing 
protection from disease-causing microorganisms in drinking water, and protecting 
consumers from the potential health risks associated with disinfection byproducts.  
Integrated with a primary disinfectant such as UV, a secondary disinfectant should 
provide additional disinfection to persistent microorganisms and maintain a stable 
disinfectant residue long after the treated water leaves the treatment plant.  In this study, 
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the H2O2/UV/NH2Cl process has satisfactorily met these criteria and those set out at the 
start and the author has recommended it as the optimized integrated UV system for future 








Based on the results from this study, several conclusions can be made: 
 
 Synergy was observed in several combinations of H2O2 with UV.  Low H2O2 
concentrations (1.0 mg/L) resulted in antagonistic results.  Further increase in 
H2O2 concentration (3.0 mg/L) resulted in an increase in synergy, although 
antagonistic results were observed as the H2O2 dose increased further (7 and 10 
mg/L) and at higher UV doses (10 and 12 mJ/cm
2
), due to the scavenging effects 
of excess H2O2 on OH•. Thus, it is important that the researcher optimize 
H2O2/UV combinations to obtain the maximum synergy in that working 
concentration and dose range of H2O2 and UV, respectively. 
 
  UV/chlor(am)ine processes (with 2.0 mg/L Cl2 and NH2Cl) resulted in high 
synergy levels and overall log reduction which exceeded targeted log inactivation 
by at least 1 log.  This showed that integrated UV systems not only reduced the 
dose and contact time of Cl2 and NH2Cl (when used as sole chemical 
disinfectants), but also the required UV dose to achieve targeted log inactivation 
requirements.  1.0 mg/L of Cl2 (26 mins) and 1.0 mg/L of NH2Cl (22 mins) were 
found to be sufficient to meet targeted log inactivation requirements.  Synergy 
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levels for UV/Cl2 and UV/NH2Cl were between 0.03 to 0.19 log and between 0.44 
to 0.45 log, respectively. 
 
 Synergy levels obtained with UV/chlor(am)ine processes exceeded that of 
H2O2/UV processes at all the concentrations and contact times – except at low Cl2 
dose (1.0 mg/L) and contact time (13 mins) and combined with UV (4 mJ/cm
2
), 
hence showing the capabilities of chlor(am)ine as ideal secondary disinfectants.  
Synergy levels were generally higher following higher UV dosages.   
 
 During the H2O2/UV/Cl2 process, H2O2/UV process prior to Cl2 addition seemed 
to have a positive effect on subsequent chlorination efficiency, which could be 
due to increased susceptibility of the E.coli cells to Cl2 after attack from both OH• 
and UV, especially when a low chlorine dose (1.0 mg/L) was added.  However, 
this phenomenon was not detected with H2O2/UV/NH2Cl processes.   
 
 Photoreactivation was effectively suppressed and prevented when chlor(am)ine 
were added as a secondary disinfectant, due to the disinfectant residue they 
provided after UV treatment.  All E.coli was killed during the four hours of 
photoreactivation study.  In addition, NH2Cl provided a more stable and higher 




 UV/Cl2 process was shown to produce lesser amounts of DBPs (30 to 42% lesser 
THMs and 45 to 57% lesser 5HAAs), compared to a chlorination process 
achieving the same E.coli log reduction as the former. Hence, due to a lesser 
reliance on Cl2 alone for disinfection, an integrated UV system can minimize 
DBPs formation while ensuring effective disinfection. 
 
 The integrated UV processes (UV/chlor(am)ine and H2O2/UV/chlor(am)ine) have 
shown to be effective for the control of microorganisms in drinking water 
treatment through enhanced disinfection and meeting the targeted 1 to 2 log E.coli 
inactivation, photoreactivation prevention, as well as minimization of DBPs 
formation.   
 
 In this study, H2O2/UV/NH2Cl was found to be the most ideal combination for 
sequential disinfection for the reasons that it: 
i) achieved an overall log reduction of 1.23 to 2.01 log 
ii) obtained a combined synergy of 0.54 to 0.58 log 
iii) effectively prevented photoreactivation 
iv) provided a stable disinfectant residue throughout the four hours of 
photoreactivation study 
v) formed the least amount of DBPs  (3 times lesser THMs and almost half of 






From the results of this research, the following recommendations are made for future 
research: 
 
 Integrated UV systems can be applied to the disinfection of more resistant 
microorganisms such as MS2, Bacillus subtilis spores or adenoviruses.  Given 
more resistant microorganisms, a wider range of operating conditions (UV 
dosages, H2O2 concentrations, chlor(am)ine doses) could be explored.   
 
 A flow-through UV system, with a much larger volume of feed water, could offer 
better insights into the actual capabilities of such systems in a pilot-scale study.  
Besides the extraction and analysis of DBPs, mutagenicity of the DBPs can be 
explored by concentrating the DBPs from the large volume of feed water for the 
Ames mutagenicity assay.  
 
 In this study, synthetic feed water simulating filtered reservoir water was used.  
Further research should be carried out with actual reservoir water samples to fine-
tune operating conditions required for actual treatment purposes.  
 
 Photoreactivation suppression with chlor(am)ine was carried out at cellular level.  
It is suggested that the study of photoreactivation be carried out at DNA level 
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using the endonuclease sensitive site (ESS) assay to better understand the 
mechanism behind the control of photoreactivation.   
 
 It is also suggested that medium pressure (MP) UV lamps be included in 
integrated UV systems.  MP UV lamps have been found to be effective in 
reducing subsequent photoreactivation of E.coli, due to the broad wavelengths 
that MP lamps emit (Oguma et al., 2002).  As such, this might reduce – though 
not completely eliminate – the dependency on secondary disinfectants, thereby 
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